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ABSTRACT

This report covers in detail the solid state research work of the Solid

State Division at Lincoln Laboratory for the period I May through

31 July 1980. The topics covered are Solid State Device Research,

Quantum Electronics, Materials Research, Microelectronics, and

Analog Device Technology. Funding is primarily provided by the Air

Force, with additional support provided by the Army, DARPA, Navy,

NASA, NSF, and DOE.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Improved versions of inverted-mesa n+-InP/n-GaInAsP/n-InP/p+-InP avalanche

photodiode structures have been fabricated and characterized. Uniform avalanche

gains of 700, dark current densities of 3 x 10-6 A/cm2 at a multiplication (M) of 10,

and an excess noise factor of 3 (also at M = 10) have been achieved in diodes with

wavelength cutoff at 1.25 jum.

A theoretical analysis shows that, under general conditions in broad-area

InGaAsP/InP double-hetcrostructure lasers, an appreciable amount of reabsorption

of the spontaneous photons can occur which results in a lowering of the laser

threshold current density. Based on these calculations, improved results can be

expected if the free-carrier absorption in the InP and the transmission loss through

the laser sidewalls are minimized and/or the absorption in the active layer is

enhanced.

P-type HgCdTe photoconductors, which can be operated by thermoelectric cooling,

have been investigated for use above 77 K as photo-mixers in tactical CO-laser

systems. The devices (100 gm square) have shown heterodyne sensitivities at

38 MHz of 5 X 10 - 2 0 W/Hz at 77 K and 1.8 x 10 - t 9 W/Hz at 195 H, with bandwidths

of 140 and 30 MHz, respectively. Bandwidths in excess of 100 MHz at 195 K were

achieved with sensitivities of about 4 x 10 "t 9 W/Hz.

II. QUANTUM ELECTRONICS

The first observations of tunable Q-switched operation in Ni:MgF 2 and Co:MgF 2

lasers have been made. In addition, the first mode-locked Ni:MgF 2 laser has been

demonstrated and has produced pulses of approximately 100 psec duration.

An analysis of mechanisms giving rise to the nonlinear optical response of semi-

conductors has been developed. Resonance enhancement effects are identified, and

the application to bistability in integrated optical devices is discussed.

A number of modifications made on the quasi-optical radiometer has resulted in an

improvement in the system noise temperature to 2900 K The radiometer was used

in the detection of CO in the molecular cloud Orion at 691 GHz, marking the first

successful submillimeter heterodyne radio astronomy experiment using an optically

pumped far-IR laser local oscillator.

I1. MATERIALS RESEARCH

A growth procedure has been developed for using the liquid-encapsulated Czochralskl

technique to obtain a high yield of InP single crystals capable of providing substrates

vii
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for research on optoelectronic devices. By establishing a suitable temperature

gradient at the growth interface, this procedure minimizes the probability of twin-
ning but does not result in excessive dislocation densities.

In connection with the liquid-phase-epitaxial growth of GaInAsP/InP heterostruc-

tures for optoelectronic devices, the phase diagram for growth of GanAsP layers

lattice-matched to (100) and (t11)B InP substrates has been established over the

temperature range from 5700 to 650°C for the entire composition range from InP to

the limiting ternary alloy, Ga0. 4 7 1n 0 . 5 3 As. For a given growth temperature and Ga

concentration in the liquid phase, the Ga distribution coefficient is always higher

for (100) growth than for (I11)B growth, but the difference decreases with increas-

ing temperature.

The feasibility of using the trichloride method of vapor-phase-epitaxial growth to

obtain GanAsP/InP heterostructures has been demonstrated by growing lattice-

matched GalnAsP layers on (100) InP substrates. Further development of this

method, which uses PCI 3 and AsCI 3 as the sources of the Group V elements, would

be required to achieve the degree of alloy composition control desired for device

applications.

Heteroepitaxial Ge I x S i x alloy films of good crystal quality have been obtained by

transient heating of Ge-coated Si single-crystal samples with a graphite strip-

heater. On the basis of initial experiments on the chemical vapor deposition of

GaAs layers on these alloy films, there appear to be no serious obstacles

to the fabrication of high-efficiency, low-cost GaAs solar cells utilizing the

GaAs/Ge1 IxSix/Si structure.

Liquidus isotherms for temperatures from 425* to 6001C and solidus lines for

CdTe mole fractions between 0 and 0.7 have been determined for the Te-rich

corner of the Hg-Cd-Te system. From the data, it is clear that a very wide range

of Hg1_xCdxTe compositions can be grown at temperatures of 4250 to 600'C by

liquid -phase -epitaxial techniques.

IV. MICROELECTRONICS

A simple technique has been developed for exposing large-area, low-distortion,

periodic structures. The technique, called spatial-period-division, employs near-

field diffraction from periodic and quasi-periodic parent masks to produce intensity

patterns with spatial periods finer tnan the parent mask. Spatial-period-division

used in conjunction with soft x-ray lithography should be especially attractive for

exposing structures with periods below 100 nm.

Two schemes have been implemented for fixed-pattern-noise cancellation in a

SAW/CCD time-integrating correlator. One method uses a second CCD chip to

store the fixed-pattern noise for subsequent subtraction from the SAW/CCD output,

and the other uses an A/D converter and a computer for digital post-processing of

the correlator output. The dynamic range of the device has been improved to 40 dB

from 20 dB.
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A GaAs integrated mixer consisting of a slot coupler, a coplanar transmission line,
a surface-oriented Schottky-barrier diode, and an RF bypass capacitor all mono-

lithically integrated on the GaAs surface has been fabricated for operation at

110 GHz. The monolithic mixer module mounted in the end of a waveguide horn has
an uncooled double-sideband mixer noise temperature of 339 K and a conversion

loss of 3.8 dB.

Lateral overgrowth of single-crystal Si over an SiO 2 bar structure on a single-
crystal silicon substrate has been achieved by epitaxial growth using the reduction

of silane in a hydrogen gas environment. Up to 4 pm of lateral overgrowth has been

observed for thin (.,0.03 gm) SiO2 bars on (100)-oriented silicon wafers. The amount

of overgrowth is dependent on the orientation of the silicon substrate and the thick-

ness of the SiO 2 layer.

V. ANALOG DEVICE TECHNOLOGY

A theoretical model has been developed which explains an earlier experimental

demonstration of analog nonvolatile memory in metal-nitride-oxide-semiconductor

(MNOS) capacitors. Experiments have successfully extended such analog memory
behavior to devices produced by a process compatible with charge-coupled-device

(CCD) technology. These results indicate the feasibility of an integrated MNOS/CCD

analog memory, and work to fabricate such a memory is now under way.

LiNbO3 surface-acoustic-wave edge-bonded transducers have been fabricated on ST

quartz and (001>-cut GaAs substrates. Efficient transduction has been demon-

strated in the vicinity of 100 MHz with fractional bandwidths of 50 and 91 percent
for the quartz and GaAs substrates, respectively. Conversion loss as low as 4 dB
has been measured for quartz. A model which accurately predicts this transducer

performance has been devised.

Recent experiments have demonstrated the feasibility of using an acoustoelectric

coherent integrator for programmable processing of burst waveforms of the type
employed in Doppler radar systems. The device output, as a function of Doppler-
shifted input, produced the expected Doppler ambiguity functions for 3-gsec gated-

CW subpulses in bursts of 2, 4, 8, 16, and 32 subpulses.
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I. SOLID STATE DEVICE RESEARCH

A. AVALANCHE MULTIPLICATION AND NOISE CHARACTERISTICS
OF LOW-DARK-CURRENT GaInAsP/InP AVALANCHE
PHOTODETECTORS

Uniform avalanche gains of 700, dark-current densities of 3 X t0 6 A/cm 2 at M t 10, and

an excess noise factor of -3, also at M = 10, have been achieved at wavelengths up to 1.25 Lm

in improved versions of the inverted-mesa n +-InP/n-GaInAsP/n-lnP/p+-InP photodiode struc-

tures described previously. The low dark current results from the placement of the p-n junc-

tion in the nP and from the use of a new passivation technique.

The structure, shown in the inset of Fig. 1-1, is similar to the earlier oneI with the excep-

tion of the top n +-InP layer which had been left out in the earlier devices for simplicity. This

n +-InP top layer provides a low-resistance, transparent contact and eliminates losses due to

surface recombination. The mesas were fabricated as described previously, with the excep-

tion that surface passivation, which was found to be critical to attainment of reproducibly low

dark currents, was accomplished by application of a DuPont polyimide 2 film (5-8 im thick)

directly over the freshly etched mesas. The film was patterned using standard photolithographic

techniques and cured by baking at 200°C for I hour. Devices so passivated were found to be

highly stable in normal room atmosphere and under sustained high values of bias voltage.

HT~fA 4 41 DARK CURRENT

. PHOTOCURRENT

POLYIMIDE A.S

Fig. I-I. I-V characteristics of GaInAsP/
InP APD with D = 76.2 pm. Photoresponse - **"was taken at 200 Hz using chopped 1. 15-Rm '

light and at frequencies ranging from I kHz uA.Mq .g

to 25 MHz using the modulated output of a C -
1.21-4m GaInAsP laser. The multiplication - . '

factor was measured with I nA of primary
photocurrent. Inset: Device structure; de-
vice diameters D varied from 64 to 152 kim. 1

iO
°

'0 20 30 40 so W ?0

VOLTAGE (V)

Typical reverse I-V characteristics with and without light are shown in Fig. [-1. The pho-

tocurrent measurement was performed at 200 Hz by illuminating the device with chopped 1.t5-1m

light from a He-Ne laser, and at frequencies ranging from I kHz to 25 MHz by using the modu-

lated output of a 1.21-om GalnAsP laser. The multiplication vs bias was independent of fre-

quency over this range. Pulse-response rise times of less than 160 psec, measured with an

avalanche gain of 40 and limited by the rise time of the mode-locked Nd:YAG laser pulse,

IJ
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indicate that the frequency response extends beyond I GHz. Based on measurements on con-

ventional versions of GalnAsP/lnP photodiodes whose response characteristics should not differ

essentially from the present devices, it can be inferred that pulsewidths of <80 psec should be

achievable 3 Photoresponse scans with the light incident from the front or back side showed

uniform response and absence of microplasmas. The onset of the photoresponse beginning at

about 23 V corresponds to the punch-through of the depletion region from the InP into the

GalnAsP. The photogenerated holes, which at low bias had been confined to the GalnAsP by

the valence band barrier of the heterojunction, are now swept by the junction field over the

barrier into the InP where they are collected. 4 ' 5 This punch-through voltage is in agreement

with that obtained from C-V measurements. At all frequencies, the maximum value of photo-

multiplication decreased with increasing primary photocurrents over the range of I nA to I LA,

in good agreement with the gain-saturation model of Melchior and Lynch 6 The maximum ava-

lanche multiplication, obtained for an initial photocurrent of I nA, was -700.
In Fig. I-2, for the same device, the measured dark current at a given bias voltage has been

plotted as a function of the photocurrent multiplication factor at that same bias. At low values

of multiplication (covering the bias range from about 20 to 60 V), the current rises rapidly as

the depletion region spreads into the GalnAsP from the wider-gap InP and the dark current
(presumably due to bulk space charge generation) increases and begins to be multiplied. Over

the range of multiplication from approximately 2 to 50 (corresponding to a bias range of -60 to
67 V) the dark current is proportional to the multiplication, indicating that over this range the

dominant component of the dark current is bulk space charge generation current which is being

multiplied by the avalanche process. At larger values of multiplication (i.e., biases above 67 V)

the dark current rises more rapidly than the multiplication, indicating that the electric field in

the GaInAsP itself has increased to the point that the anomalous leakage currents (possibly due

to tunneling 7 ) observed in conventional GaInAsP p-n junction devices become dominant.

Noise measurements as a function of multiplication were made at several frequencies from

200 Hz to 25 MHz and for varying levels of illumination incident from both the front and the back

of the detector. A sensitive spectrum analyzer and low-noise transimpedance amplifiers were

employed. The excess noise factor 8 F, calculated from the measured values of noise added

by the incident light and the concurrently measured multiplication, is plotted in Fig. 1-3 as a

function of multiplication. The solid curves were calculated from the theory of McIntyre, with

keff defined as the effective electron-to-hole ionization coefficient ratio.2 ' 0 F is independent

of photocurrent, frequency, and direction of illumination. This result is in qualitative agree-

ment with those obtained in InP, 1 and is consistent with 3 "> a, where 0 and a are, respec-

tively, the hole and electron ionization coefficients. (The photogenerated carriers swept into

the InP and thence multiplied are purely holes.) As evident from the figure, low values of F,

consistent with a keff of 0.02 to 0.1, are found for M < 10. For larger values of multiplication,

F increases considerably more rapidly than expected. The reason for this result is not known

at present. Multiplication in the GalnAsP, for which holes have the lower ionization coefficient,1 2

can apparently be ruled out since the maximum field there is less than that at which multiplica-

tion is observed in avalanche photodiodes (APDs) with the p-n junction in GaInAsP of the same

composition. Similar behavior has been observed 8 in Si APDs, but appears to be dependent

on the specific device structure.

The quantum efficiency of the GaInAsP/InP photodiodes measured from the front was 50r%

a value which is somewhat lower than the reflection-limited maximum of 70%k because of carrier

3



recombination in the undepleted region of GaInAsP. This can be corrected by optimizing the
device parameters during growth. The efficiency for back illumination is low because of free-

carrier absorption in the heavily doped p-type substrate. Thinning of the wafer will be required

to achieve high quantum efficiencies in this mode.

The GaInAsP/InP APDs reported here are not of optimal design and have noise character-

istics at high multiplication which at present are higher than predicted. Nevertheless, it is
clear that they already are considerably more sensitive than any competitive devices hitherto

reported and promise even higher performance with further development.

V. Diadiuk
S. If. Groves
C. E. Hurwitz

B. THE RECYCLING OF SPONTANEOUS PHOTONS IN GaInAsP/InP
DOUBLE HETEROSTRUCTURE LASERS

A theoretical analysis has been carried out which reveals the significance of the transpar-

ency of the InP substrate to the spontaneous light emitted by the GaInAsP active layer in
GaInAsP/InP double heterostructure lasers. Because of the metallic contacts and the large dif-

ference of the refractive indices between InP and air, the spontaneously emitted photons will
bounce around within the device and have a large probability of being reabsorbed by the active

layer (via band-to-band transitions). This reabsorption of spontaneous light w,ll be important

for the semiconductor lasers, especially for the lowering of the threshold current density.

Figure 1-4 shows a schematic drawing of a broad-area GalnAsP/InP double heterostructure

(DH) laser diode. Most of the spontaneous light emitted from the active layer will be reflected

by the two metallic ohmic contacts (top and bottom in Fig. 1-4) and the sidewalls and be confined

to the device volume. We will therefore treat the spontaneous light as a photon gas filling the
whole device. For simplicity we ignore the absorption at the metallic contacts. There are then

three major processes which contribute to the consumption of the spontaneous photons, namely:

(1) transmission through the sidewalls of the device, (2) free-carrier absorption in the lnP sub-
strate and cladding layers, and (3) reabsorption (band to band) in the active layer. (The total

10 3DTJ- arn W

OHMIC CONTACTON InP CAP LAYER

"-T- SGa1nAsP

I{nP SUBSTRATE

OMCCONTACT

ON BOTTOM FACE

Fig. 1-4. Schematic drawing of the broad-area GaInAsP/InP double-
heterostructure laser diode used in the present calculation. The
shaded region is the GalnAsP active layer. The top and bottom faces
(LxW) are the ohmic contacts.
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free-carrier absorption in the active layer is small relative to the substrate and cladding layers,

since the active layer is generally much thinner.)

iOnly those photons impinging upon the sidewall within an angle < 20" (critical angle) of the
surface normal can be transmitted into the air.1 3 The average transmission probability for

photons within this angle per bounce is -70%. Therefore the number of photons transmitted

into the air per unit time, Rt, is given by

Rt  NA X -11 x 0.70 (1-t)

where N is the photon density iper unit volume) in the device, A = 2 (LH + WH) is the total area

of the sidewalls (cf. Fig. 1-4), c/H is the speed of light in InP (with fi being the refractive index

of In?), and 13 is the solid angle within which transmission is possible. It can easily be shown

that Ql/41r = 0.0302.

The number of photons absorbed by the free carriers in InP per unit time, Ra, is given by

_ NV c a (1-2)
Ra n InP(I)

where V = LWH is the total volume of the device and alnP is the average free-carrier absorption

coefficient of the InP substrate and cladding layers. The number of photons reabsorbed in the

active layer per unit time, R r, is given by

Rr NV c d -Rr  R T, af 
(1-3)

where d is the active layer thickness (in general, d << ) and SQ is the average band-to-band

absorption coefficient in the active layer.
The fraction, f, of the spontaneous photons which is reabsorbed by the active layer is given

by f - Rr/(R r + Ra + Rt). By combining Eqs. (l-1)-(l-3), we get

a Qd/H

0.042(L + W)
Q d InP LW

The magnitude of f will be of great importance in the laser characteristics. Using Eq. (1-4),

we have evaluated f as a function of active layer thickness d for typical device dimensions and

several possible values of a InP and Q, The results are shown in Fig. 1-5.

DEVICE W .
2

00m

08 DIMENSIONS

L - 400,m

Fig. 1-5. The fraction of spon- 0  .ilO00 cm-

taneous photons reabsorbed by f , 2cn \
the GalnAsP active layer in the %P,
broad-area GaInAsP/InP DH 04 -0CM

laser (Fig. 1-4), obtained by the
present calculation [Eq. (1-4).

02

0 02 04 06 08 '0

d(,.m)

..... 
--
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The immediate effect of the reabsorption of the spontaneous photons is an effective length-

ening of the radiative carrier lifetime and the consequent lowering of the laser threshold cur-

rent density. To see this, we suppose that the radiative carrier lifetime without the reabsorp-

tion is Tr . With the reabsorption, the effective radiative carrier lifetime is now

T

rr t f 'I5

The ratio of the threshold current densities with and without the reabsorption is then given by
Jt' (with reabsorption) T

th borpton) __(1-6)

Jth (without reabsorption) T
-

where T' rr
T  

r + r and = T r T + are total carrier lifetimes with and without
r nr r nr r nr r

the reabsorption, respectively. (-rnr is the nonradiative carrier lifetime.) After some rear-

ranging, the lowering of the threshold current density can be expressed as

Jt - -t
j th - )f (1-7)

Jth

where 77 T 'nr/(rnr ' vr) is the internal quantum efficiency of the laser without the reabsorption.

Note that 77 will be a limiting factor in the threshold-current lowering.

In Eq.(1-3) an average absorption coefficient E has been used for the band-to-band reabsorp-
Q

tion of the spontaneous photons. The value of EQ will depend on the functional dependence of the

absorption coefficient on energy, which in turn depends on the band structure and electron-hole

injection! 4 Those spontaneous photons with energies in the gain region (the lower energy por-

tion of the spontaneous spectrum) t 5 will have a net probability of being amplified, rather than

being absorbed, when passing through the active layer. These photons will not only make a
negative contribution to f but probably will also contribute to the noise in the laser emission.

However, with gain .< 100 cm -t these photons will more likely be absorbed in the lnP or be

transmitted through the device sidewalls.

The present calculations show that for the general case of broad-area GalnAsP/InP lasers,
appreciable amounts of reabsorption of the spontaneous photons and lowering of the laser thresh-

old current density can occur [Fig. 1-5 and Eq. (1-7)]. Based on the same calculations, improved

results can be expected if the device structure is optimized to minimize the free-carrier ab-

sorption in InP and the transmission loss through the sidewalls and/or to enhance the absorp-

tion in the active layer. These can be achieved by using low substrate doping, a thin substrate,
Au-coated sidewalls (except for the laser emission region), and a thicker active layer, etc. In

addition to the broad-area lasers, the same concept can be applied to other laser structures.

Among the stripe-geometry lasers, the buried-heterostructure and strip-buried heterostructure

lasers are most pertinent, because there is no unpumped region of the GalnAsP layer which

will contribute to the loss of spontaneous light. The same principles can also be applied to the

GaAs/GaAlAs lasers if the highly absorbing GaAs substrates can be removed or optically iso-

lated from the finished devices.

The reabsorption of the spontaneous photons is also likely to affect the temperature depen-

dence of the threshold current. Generally speaking, the increase of threshold current accom-

panying an increase in temperature is mainly due to an increase in the energy spread of the in-

jected carriers. The result is that the maximum gain is lowered and more carriers are wasted
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14in generating spontaneous emission. This will also cause an increase in T and a consequent
Q

increase in f. Reabsorption of spontaneous photons will thus have a tendejicy to reduce the

temperature dependence of the threshold current and to increase the reliability of the device.

Z. L. Liau
J. N. Walpole

C. H1GII-PERFORIMANCE ELEVATED-TEMPERATURE PHOTOMIXERS
FOR CO 2 LASER SYSTEMS

P-type IlgCdTe photoconductors have been investigated for use as photomixers at tempera-

tures above 77 K in tactical CO 2 laser systems demanding the simplicity and reliability of a

thermoelectrically cooled detector. The physics of heterodyne operation of intrinsic photocon-

ductors has been examined, and numerous specially designed p-type HgCdTe photoconductors

have been fabricated and evaluated. These 100- ±m-square devices have shown heterodyne sen-

sitivities at 38 MHz of 5 X 10 - 2 0 W/ttz at 77 K and 1.8 X 10 - 1 9 W/Hz at 195 K, with bandwidths

of 140 and 30 Mhlz, respectively. Bandwidths in excess of 100 !MHz at 195 K have been obtained

with sensitivities of about 4 X 10 - 1 9 W/Hz.

At low temperatures, photodiodes, which have shown noise equivalent powers (NEPs) as low

as 3 X 10 - 2 0 W/llz, are fundamentally better CO 2 laser photomixers than photoconductors. 16 ,1718

However, as the detector temperature is increased above about 160 K, 10-Lm photoconductors

will begin to outperform photodiodes. In order to obtain quantum-noise-limited operation, the

CO 2 laser local oscillator power absorbed by the photoconductor must be such that (1) the den-

sity of photogenerated carriers exceeds the background minority carrier density and (2) the

generation-recombination noise associated with the photocarriers exceeds the Johnson or thermal

noise (4kT/R) of the photoconductor. The first condition above is equivalent to the photodiode

requirement that the photocurrent exceed the thermally generated dark current. The local oscil-

lator powers needed to satisfy these requirements for the photoconductor and photodiode are vir-

14 tually identical, with the same temperature dependence. The advantage photoconductors have

over photodiodes comes from condition (2) above, i.e., overcoming Johnson noise. At high

temperatures the junction resistance of 0.12-eV photodiodes goes to zero, whereas relatively

high resistance can be obtained with a p-type HgCdTe photoconductor because of the low mobility

of holes.

The bandwidth of a photoconductor is determined by the lifetime of the minority carriers,

which in small-energy-gap p-type HgCdTe is controlled by Auger recombination processes and

is a strong function of carrier concentration. The dashed curve in Fig. 1-6 shows the calculated

Auger-limited bandwidth of p-type, 10- tm HgCdTe photoconductors at 200 K as a function of

hole concentration1 9 Data we have accumulated on the pulse response of many different devices

are consistent with this curve. The solid curves in Fig. 1-6 are the calculated local oscillator

powers required to satisfy the two conditions above, i.e., photogenerated electron concentration

equal to background electron concentration and g-r noise equal to thermal noise. A minority

electron mobility of 10,000 cm 2 /V-sec was assumed as well as unit quantum efficiency (17 = 1).

The power required to overcome thermal noise varies as V , but Joule heating places a prac-

tical limit to the bias voltage. One volt was used for this calculation. A minimum in the cal-

culated LO power occurs for p = 3 X 1016 cm " 3 (about 3 times the intrinsic carrier concentra-

tion), with a corresponding bandwidth of 1Z MHz. For a 100-MHz bandwidth, a laser power of

about 10 mW is calculated for LO-noise-limited operation. LO-noise-limited operation at 1 GHz

7
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Fig. 1-7. Measured and calculated NEP as a function of LO power
for a p-type HgCdTe photoconductor at 77 and 195 K.
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appears beyond possibility due to the over 100 mW requirement in these small area (100 Rm X

100 ±m) devices and the associated heating.

Many different p-type photoconductors were fabricated by epoxy-bonding p-type HgCdTe to

sapphire substrates and thinning to about 10 Lm. Acceptor concentrations ranged from about

2 x 1017 cm to less than i x 10 i 6 cm - , and energy gaps at 200 K ranged from 0.14 to about

0.11 eV. Bandwidths in excess of 500 MHz were observed for the high acceptor concentrations,

but the photoconductance was small (typically of the order of 0.1 m mho/mW at 10.6 Lm) due

principally to the short lifetimes. Quantum efficiency, lifetime and minority electron mobility

were determined on many of these devices by analyzing the results of responsivity, pulse re-
sponse, and heterodyne sensitivity measurements. Minority electron mobility values ranged

from about 3,000 to about 10,000 cm /V-sec and did not appear to change from 77 to 195 K.
Two techniques were used to measure heterodyne NEP: blackbody heterodyne radiometry

and the mixing of two coherent CO 2 beams offset by 38 MHz with an acoustooptic modulator.
Results from the two methods were in good agreement. Although the acoustooptic modulator

technique was limited to a single beat frequency, much higher sensitivity was achieved. In

Fig. 1-7, the NEP as a function of local oscillator power is shown for a detector at 77 and 195 K.

At 77 K this device shows a heterodyne sensitivity very close to that of an ideal photoconductor

(indicated by the dashed line in Fig. 1-7). The g-r noise of the local oscillator equaled the total

noise from all other sources (primarily Johnson noise) at a power level of only 0.7 mW. The

solid curve going through the 77 K data was calculated from the simple asymptotic expression,

NEP = (2hvB/ ) (I + Po/PLO)

where B is the noise bandwidth, 71 is the quantum efficiency, and P is the equivalent back-
0

ground noise power (0.7 mW).

At 195 K the minimum NEP is about 4 times higher than at 77 K. This loss in sensitivity

is due to a combination of lower quantum efficiency (-50c) and higher background noise (P 0
2 mW). In addition, at 195 K both 77 and P are strong functions of temperature and heating is

an important consideration. The energy gap of HgCdTe increases with increasing temperature.

resulting in a decrease in absorption coefficient and 77. Also P0 is a very strong function of

the intrinsic carrier concentration, which increases exponentially with temperature. Con-

sequently, heating due to the local oscillator causes 77 to decrease and Po to increase, result-

ing in a minimum in the NEP-vs-PLO curve. The 195 K curve in Fig. 1-7 was calculated as-
suming a heating factor of 1 K/mW, which is consistent with calculated and measured values.

The minimum NEP of 1.8 X t0 - 9 W/Hz is the best value reported to date for a CO 2 laser photo-

mixer at 195 K. Pulse response measurements indicated that this device had a 3-dB rolloff fre-

quency of 140 MHz at 77 K and 30 mHz at 195 K. The magnitude and temperature dependence

of the bandwidth are in agreement with the calculated Auger recombination times1 9 for HgCdTe
with p = 5 1016 c 3 . Bandwidths of over 100 MHz have been obtained with a NEP in the vicin-

ity of 4 × t0 - 19 W/Hz at 195 K.

With further optimization of the photoconductor structure, including better heat sinking, we

calculate than a NEP of I X 0 - 19 W/Hz and a bandwidth of 150 MHz could be obtained at 250 K.

A room-temperatu re CO. laser photomixer with a NEP of 3 x t019 W/Hz and a bandwidth of

200 MHz should also be realized with p-type HgCdTe photoconductors.

D. L. Spears
P. E. Duffy
C.D. Hoyt

9

_______



REFERENCES

I. Solid State Research Report, Lincoln Laboratory, M.I.T. (1979:4),
p. 9 , DDC AD-A084271.

2. DuPont polyimide P[-2555.

3. S. R. Chinn and W. K. Zwicker, Appl. Phys. Lett. 34, 847 (1979);
also Solid State Research Report, Lincoln Laboratory, M.I.T.
(1979:1), p. 25, DDC AD-A073152/1.

4. K. Nishida, K. Taguchi, and Y. Matsumoto, Appl. Phys. Lett. 35,
251 (1979).

5. K. Taguchi, Y. Matsumoto, and K. Nishida, Electron. Lett. 15,
453 (1979).

6. H. Melchior and W. T. Lynch, IEEE Trans. Electron. Devices
ED-13, 829 (1966).

7. S. R. Forrest, M. DiDomenico, Jr., R. G. Smith, and H.J. Stocker,
Appl. Phys. Lett. 36, 580 (1980).

8. G. E. Stillman and C. M. Wolfe, "Avalanche Photodiodes," in
Semiconductors and Semimetala, Vol. 12, R. K. Willardson and
A. C. Beer, Eds. (Academic Press, New York, 1977), p. 365.

9. R.J. McIntyre, IEEE Trans. Electron. Devices ED-13, 154 (1966).

10. R. J. McIntyre, IEEE Trans. Electron. Devices ED-19, 703 (1972).

11. C. A. Armiento, S. H. Groves, and C. E. Hurwitz, Appl. Phys.
Lett. 35, 333 (1979).

12. M. Ito, T. Kaneda, K. Nakajima, Y. Toyoma, and T. Kotani,
Electron. Lett. 14, 418 (1978).

13. H. Kressel and J. K. Butler, Semiconductor Lasers and Hetero-
junction LEDs (Academic Press, New York, 1977), p. 135.

14. H. C. Casey, Jr. and M. B. Panish, HeterOstructure Lasers,
Parts A and B (Academic Press, New York, 1978).

15. See, for example, Ref. 1, p. I10.

16. D. L. Spears, Infrared Physics 17, 5 (1977).

17. Solid State Research Report, Lincoln Laboratory, M.I.T.
(1978:3), p.1, DDC AD-A065116/6.

18. D. L. Spears, Proc. SPIE, Vol. 227 (to be published).

19. T. M. Casselman and P. F. Peterson, Solid State Commun. 33,
615 (1980).

20. Y. Nemirovsky and F. Finkman, J. Appl. Phys. 50, 8197 (1979).

10



1I. QUANTUM ELECTRONICS

A. Q-SWITCHING AND MODE-LOCKING OF TRANSITION METAL LASERS

Tunable, Q-switched operation has been observed in Ni:MgF 2 and Co:MgF 2 lasers under

CW pumping conditions. A Ni:MgF 2 laser, operating at 1.67 gim, has been mode-locked to pro-

duce "-00-psec-wide pulses at a 247-MHz repetition rate.

Previous Q-switching results were limited by the static and dynamic losses introduced by

the LiNbO 3 electrooptic Q-switch used. The data presented here were obtained with a Brewster-

angle, fused-silica acoustooptic Q-switch, which had a negligible insertion loss. The laser sys-

tem was a 3-mirror design described previously 2 and employed a 1.2-cm-long, Brewster-angle

laser crystal, cooled to -80 K and pumped by a 2-W, TEM0 0 -output, 1.33- Lm Nd:YAG laser.

The peak and average power outputs vs repetition rate for Ni:MgF 2 and Co:MgF 2 are shown

in Figs. II-t and 1-2, respectively. The pulsewidth of the Ni:MgF 2 laser varied from 0.7 isec

at low repetition rates to 3.5 asec at 2 kHz, while that of the Co: MgF 2 laser varied from 1.0 isec

at 100 Hz to 5.0 usec at 5 kHz. At high repetition rates for both systems, the average power

output was essentially the same as the CW output. For Ni:MgF 2 the extracted energy density
3

was -2.5 J/cm

Tunable Q-switched operation was observed from Ni:MgF 2 and Co:MgF 2 lasers by insertion

of a single-element birefringent filter in the laser cavity. Figure - 3 presents the peak power

output at a pulse rate of 100 Hz as well as the CW output vs wavelength for Ni:MgF 2 . Data on

tunable Q-switching of the Co:MgF 2 laser have not yet been taken over the full CW tuning range

(from 1.63 to 2.11 irm), but Q-switched output was obtained from 1.64 to 1.89 jim.

The rolloff in peak power for Ni:MgF 2 at repetition rates >200 Hz is not in accord with stan-

dard theory 3 for CW-pumped, repetitively Q-switched lasers, which predicts a rolloff around

80 Hz, the inverse of the 12-msec Ni:MgF 2 upper-state lifetime. The Nd:YAG pump-laser in-

tensity is sufficiently intense to partially saturate the Ni 2 + transition in absorption, however,

and such saturation may explain the discrepancy. The power vs rate behavior of the Co:MgF 2

laser is in good agreement with theory, given the 1.3-msec lifetime of that system. In Q-switched

operation, the pulse output energy increases linearly with pump power while the pulse width de-

creases. Thus, compared with CW output power, Q-switched peak-power output is a more sen-

sitive function of the ratio of pump power to threshold pump power. Since this ratio changes as

the laser is tuned at constant pump power, the wider variation with wavelength in power output

for peak power than for CW power is expected in the tuning results of Fig. II- 3.

The large gain-bandwidth of the Ni:MgF 2 and Co:MgF 2 lasers should allow generation of

picosecond pulses under mode-locked conditions. A preliminary experiment in mode-locking

was carried out on the three-mirror-cavity Ni:MgF 2 laser. An intracavity electrooptic loss

modulator consisting of a 2-cm-long, Brewster-angle-cut crystal of LiNbO 3 was used for active

mode-locking. The modulator was driven by 5 W of RF power through an LC impedance-matching

network at a frequency of -123.4 MHz, half the round-trip frequency of the laser cavity. The

peak loss was estimated to be about 5 percent. Extremely careful adjustment of both pump beam

alignment and RF drive frequency was required to obtain a mode-locked output free of relaxation

oscillations; tolerance on the drive frequency was less than I kHz. The 10-mW, 1.67-jim output,

as detected by a Ge avalanche photodiode and viewed on a sampling oscilloscope, is shown in

Fig. 11-4. The pulsewidth indicated is undoubtedly detector limited. The frequency spectrum of

11
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Fig. 11-4. Mode-locked pulses
from Ni: MgF 2 laser.

2' - nsec

the laser, as determined by a scanning confocal interferometer with a free-spectral-range (FSR)

of 7.5 GHz appears in Fig. I-5. A higher resolution view of Fig. 11-6 shows at least three over-

lapping orders of modes, i.e., the FSR is too small to properly view the mode spectrum. What

is evident from Fig. 11-5, however, is a deep modulation of the mode spectral envelope, caused

by some etalon or etalon-like effect in the laser cavity, which produces at least three clusters of

modes. Without the deep modulation, the approximate pulsewidth predicted 4 from the unfolded

15-GHz FWHM linewidth of the mode spectrum would be -30 psec. The modulation broadens the

temporal width of the main pulse and would also generate weak satellite pulses spaced -130 psec

on either side of the main pulse, providing that phase coherence is maintained among the clusters.5

TO)15 41 T.-01

I I

7.5 GHz -- 241112t-1

Fig. [1-5. Scanning-interferometer spectrum Fig. 11-6. Expanded scan of Fig. 11-5,
from mode-locked Ni: MgF 2 laser, showing three clusters of modes.

It is expected that use of an improved loss modulator, such as an acoustooptic cell similar

to that used for Q-switching, and elimination of the presently unexplained etalon effect in the

laser cavity would both increase the power output and decrease the pulsewidth of the mode-locked

Ni: MgF 2 laser. P. F. Moulton
A. Mooradian

13



B. SEMICONDUCTOR OPTICAL NONLINEARITIES

There has recently been increased interest in the use of nonlinear optical effects in semi-
conductor materials for bistable switch operation 6 , 7 and for optical phase conjugation!" Much

of the bistability work has been motivated by the potential use of such devices in optical signal
processing applications. Although the interest in phase conjugation stems from a different area,

the same nonlinear mechanisms contribute to both effects.

Bistability results when a medium with an intensity-dependent refractive index is placed
within a Fabry-Perot optical cavity. The resonator structure provides the optical feedback nec-

essary for the bistable operation. This configuration is shown in Fig. 11-7(a). It is also possible

to visualize integrated circuit analogs of this device such as shown in Fig. 11-7(b). A hybrid
three-port switch which uses an external laser source to control the transmission of an integrated
optical structure is shown schematically in Fig. 11-7(c). There has also been a recent report1 0

of bistability associated with reflection at a nonlinear medium boundary for incident angles close

to the critical angle. This is closely related to optical propagation in semiconductor waveguides

and should lead to additional types of integrated optical bistable devices.

n = n. +M EZPE

MIRROR REFLECtIVITY R

(a)

Fig. 11-7. Bistable optical devices:
(a) Fabry-Perot resonator filled

COUPLER with a nonlinear optical material,
(b) integrated optical analog of (a),

CO I .. (c) three-port integrated optical
device.

(b)

LASER BEAM

LEN S

(C)

A variety of mechanisms give rise to the nonlinear dielectric response of a semiconductor.

Intrinsic properties include:

(1) Valence electronic backgrounds,

(2) Carrier nonparabolicity effects,

14
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(3) Optical carrier generation effects, and

(4) Optical redistribution of mobile carriers.

The first two processes do not involve changing the distribution of carriers in the semiconductor

and thus respond at all frequencies up to optical transition frequencies of 1014 to 1015 Hz. Pro-

cesses (3) and (4) involve carrier redistribution and are therefore limited by the relaxation

of these carriers back to their equilibrium distributions. This time scale may vary from

-10-ti sec for electron LO phonon relaxation to -10 - 7 sec for radiative recombination in narrow-

gap semiconductors. Another major advantage of the first two processes is that they do not

involve, to first order, any optical absorption and hence any energy deposition in the semicon-

ductor. Carrier redistribution processes, in contrast, depend on optical absorption and, if they

are to be sufficiently fast, on the carriers giving up that energy to the lattice with consequent

heating problems.

i. Valence Electronic Background

Here we consider the contribution from an intrinsic semiconductor at T = 0, i.e., a filled

valence band and an empty conduction band. Jha and Bloembergen have calculated the third-

order susceptibilities for a number of common semiconductors. Their results, which are

approximate and do not treat the effects of resonance enhancement for near-bandgap radiation,

are reproduced in Table I. Since contributions from the entire Brillouin zone are included,

TABLE I

CALCULATED VALENCE BAND CONTRIBUTIONSTO n2
(After Jha and Bloembergen 6 )

(= (2w/n (esu)

2  0 111

Ge -5.5 x 10- 1 0

Si -5.0 X 10- 1 1

InSb -8.0 x 10
-9

GaAs -1.0 × 10-) 
0

resonance effects should be less important for the valence band susceptibility than for the zone-

center free-carrier contributions to the third-order susceptibility discussed below. The nota-

tion used in the table and throughout the text follows the usual convention:

n = n o + nE (I-I)

where the electric field is given by E = ((e iWt + eiWt).

2. Carrier Nonparabolicity

Because of the nonparabolic band structure of II-V compounds, mobile carriers respond

anharmonically to harmonic driving forces and thus present a nonlinear susceptibility. In addition
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to this effect, optical absorption by mobile carriers changes their linear susceptibility and thus

represents a nonline~ar response; this is discussed in Section 4. For the present, these separate

analyses may be used to estimate the importance of various effects. A detailed theory which

includes all of the effects simultaneously will ultimately be required. Patel _t al.12 first mea-

sured the free-carrier contribution to the susceptibility by frequency mixing experiments be-
O 9 eunb. t6 -0 3 - i

tween two CO lasers. They found n.'s of 4 X 10-esu(InSb, N. = 6 X 10 c )-3and 4 > IU Lu

(GaAs; Ne = i.5X 10 6 cm-.

The nonlinear susceptibility for this process may be evaluated using the general expressions

given in Ref. t3. The calculation involves three virtual interband transitions, and the n 2 is highly

resonant for near bandgap radiation. The result is

2rN e 4 t2 + 01fW) 2/ 3
n 2 ~ e n m 22 )(1

a e gw/k 9 ~ 2

This equation has been written as the product of the single-band-model n 2 (Ref. 14) and a reso-

nance enhancement factor, which is only applicable for ( F < ( g - fw. More detailed calculations

are necessary for higher concentrations or nearer resonance conditions.

3. Optical Ca.-rier Generation Effects

Carriers generated by near bandgap radiation modify both the real and imaginary parts of

the dielectric response. A k • p model calculation of the real part of the linear susceptibility

for an input frequency below a 11-V semiconductor direct gap t has been carried out. For ag
Fermi energy (F << (- hw, the result is

g2
2rNe 2  2

n o me w g w

The generated carrier concentration Ne is given by the rate equation

dN e N e  al II-4)

dt T h
r

where T'r is the carrier recombination time, y the absorption constant (due to impurity levels

and band tailing), and I the light intensity. For times long compared with Tr', the steady-state

solution to Eq. (11-4) may be used in (If- 3); the result for the nonlinear index of refraction, again

for F -4w, is
F g

2 2(ve Tr c g (I g)

-A 3 (11-5)1,)32 2 _ , 2

4. Carrier Redistribution Effects

Similar effects result when existing carriers are redistributed within the conduction or va-

lence bands by free-carrier absorption processes. Far from resonance, the free-carrier

16



contribution to the semiconductor dielectric response is

2
2 n Zy 4 1rNi e

0 i m i W

where the summation runs over the conduction and valence bands. Resonance effects enhance

this contribution for fiw tg. For n-type material, conduction band nonparabolicity and inter-

valley transitions are mechanisms which give an energy-dependent effective mass. For p-type

111-V compounds, heavy-to-light hole transitions provide a potential nonlinearity. While the de-

tailed kinetics are not well known for all of these processes, they are thought to relax on the

electron-LO phonon scattering time scale of t to 10 psec. The calculations are similar to those

given in Section 3 and only results are quoted here: for light-hole-heavy-hole transitions

2 (2
n2 e- a 2-inc amhL _ (11-7)

for conduction electron nonparabolicity

2 2n e aTc (HI8
8mgw2  2 -(,iw)2 8

and for intervalley transitions

2
2 2
4 3 m g

e-i E e (fw V)

The carrier generation process for GaAs (and for InP) is limited by recombination processes

to switching speeds of -1 nsec. This speed may be enhanced, with a proportionate decrease in

n2 , by doping with deep-level impurities or by surface recombination processes. In this case
8 2the limiting intensity is set by damage thresholds and is typically 10 W/cm for t00-nsec pulses

and will be even higher for short pulses. Thus, switches at about I In using carrier generation

in GaAs or InP with switching speeds of 50 to 100 psec appear feasible. For devices which em-

ploy the nonparabolicity mechanism, multiphoton absorption sets an intensity limitation of approx-

imately 10 6 W/cm 2 .

Table II presents a compilation of the results of these calculations. A resonance enhance-

ment of 10 for the linear susceptibilities and of 10 3 for the third-order susceptibility was used

in the calculation.

The results presented here are preliminary, idealized calculations. Effects such as carrier

generation and carrier heating both occur at the same time and tend to cancel each other. Fur-

ther calculations and experiments are necessary to fully evaluate these nonlinear processes.

S. R. J. Brueck

C. FIELD OPERATION OF A SUBMILLIMETER HETERODYNE RADIOMETER

A number of modifications made on the quasi-optical corner reflector mixer have resulted

in an improvement of about a factor of 3 in the system noise temperature. With a specially de-

signed network matching the diode to the IF circuit and a low-noise FET amplifier, the best

17



TABLE 11

CALCULATED NONLINEAR COEFFICIENTS

Material
Limiting Speed 12

Mechanism Material (psec) (esu)

Valence Background GaAs <0. 001 1.0 X10 1

InSb <0.001 8.0 " lo-

Conduction Electron GaAs (N 1 IX 10 16) <0. 001 1.0 ]o 11

Nonporabolicity

lnSb (N = 1 10 16) <0. 001 9.0 10/

Carrier Generation GaAs 1,000 4.0 10 i8

InSb 10,000 4.0 /10-

Carrier Heating

(a) intervalley GaAs 10 2.0 Y 10-10

(b) nonparabolicity GaAs 10 1.0 Y10 1

InSb 10 1.5 x 10O7

(c) hole transitions GaAs 10 1.0 X 10-10

InSb 10 3.0 x 10-

SREAM 
0

L SPITTER[174

OFF-AXIS PARABOLIC
MIRROR IMj)
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LASER SUJER Fig. [[-8. The experimental setup
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AStically pumped sbilmtrlSTABILIZER umlierla
ser, a quasi-optical mirror sys-

N _ tem to couple radiation from the
ELLIPSOIDAL IM 2  telescope, and the radiometer with

MIROR 
associated electronics.
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SCHOTT.Y DIOE UMLIER
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These initial observations demonstrate that the submillinieter radiometer syster c-arl hi-

successfully fielded and opens up the new area of high- resolution ground-based submillimleter

astronomy. A more complete description of the instrumnentation, observations and results Will

appear elsewhere.i If. R. Fetterman D. D). Peck
B. J. Clifton P. E. Tannenwald

G. A. Koepf. D. Buhl, and N. McAvoy, NASA/Goddard; P1. F. Goldsmith and N. 11. Erickson,
University of Massachusetts.
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111. MATERIIALS REFSEAR3CH

A. CRJYSTAL- GRO(WTHI OFl In P BY THEi.~ LFC TEI[IN IQ1

We have been using the liquid-encap)SUlated Uzochralski (lEC) technique for, the growth of

lnP single crystals needed to supply sub,,trates for research on optoelectronic devices. lBoules

of [nil grown by this technique have a st ong tendency to twin, due to the very low stacking fault

energy of trll (Ref. 1). Since twinning is generally followed by polycrystalline growth, the yield

of useful crystals will he extremely small unless twinning can he prevented. We have therefore

developed a standard growth proc 'eilU1c that in mmii es the proba bility of twinning but does not

result in exc essive dislocation de nsities. lor nmost imtpurity dopants, this proc edure gives a

high yvield of boules that a re twin -free over most uf their- length.

[he' I IK growth is cartried out in a high -pr'essu re c rysta I puller with %watcr - cooled walls.

A izi vini of the asseniblv used for' our standa rd g rowth proc edu re is shown in Fig. I1l1- 1. The

sce-I is I I(tt1t -oriented c rystal that is m1oun~ted with the- 11 face drown on a B1, holder attached

to a wa t ti-cooled pulling rod. A pv rol't ic HN c rucible is lontded with a char-cc of poly( rystalline

In 1I'% xc i-in 300 g, the desired wveig!ht of dopant (if an v ), arid a charicc of 13,03 ) c apsulant that

is pie -haked ini vacuumi to reducek its Water' 'onItent. Ther Ic Mkiblc is pAL c d in a high -pu rity

graphite susc eptor, which is hecated b3Y iars of air 131 oil operated at 200 to '100 kRI z. The 13F

power. is mconitored with a pi( Rap (oil, arnd the- relati've tnpe'treOf the' SUSC epto is I].onitore1d

by i~ eningU-tl the infra red enr ssiori fromn the, susc eptor that is it-rranmitted through a fused -silic a

C A % EiC K ,'

all SEE, IWE

GRAPHAII SLSCEPTOA

SIIC RA.FO CH!"S

CERAWC SPACER Wi RADIATION SHIELDS

INFRAfrFF Lcr' P-.1

F ig2 Ill-I A \, rid',I for. I.F I ( roxtl of 1iii' Irystals.
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TABLE I1-1

YIELD OF "UNTWINNED" InP BOULES
OBTAINED BY STANDARD LEC GROWTH PROCEDURE

Number Percentage of

Dopant of Runs "Untwinned" Boules

None 4 100

Cd 4 75

Sn 4 100

Fe 9 78

Zn < 1 1018 cm- 3  3 100

18 - 3
S < 1 10 cm 5 80

All of the above 29 86

18 -3
Zn >,1 10 cm 26 19

18 -3
S >I 10 cm 2 0

TABLE 111-2

LEC GROWTH PARAMETERS THAT AFFECT TWINNING

Change in Parameter
Growth Parameter That Reduces Twinning

Crucible Height Decrease

B20 3 Thickness Decrease

Heat Sinking of Seed Increase

RF Coil Position Relative Lower
to Crucible

Susceptor Height Increase

Total Gas Pressure Increase

Ratio of He Pressure Increase
to Ar Pressure

Pull Rate Increase
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light pipe. F.used -silica and Mo radiation shields are used to shape th t-- ,perature profile and

to kcep the Ri Ic oil and the walls of tile pressure Lhaiiber from overheti ., a fused-silica

cory et lon lshield resting otn the crucible is used to reduce the convec tion c Lir,..,t ill the high-

pressure i2a s stir rounding the growing crystal. The gas is a mixture of high -pa'lt , and lic.

(i)u r standarid I,'lC procedure has been used for 57 growth runs. The results obta it ed S rc

sutiniarized ii Table i1-I, which lists the number of runs riade with each dopant and the I,.: -

centa ge of these runs that yielded "untwinned" boules (including boules in which twinting4 o( (e tit-ed

only near- the lower end). A total of 29 growth runs using the standard procedure have beci

made either without intentional doping, with dopants other than Zn or S, or with Zn or S at Lon-
centrtion belw 18 t

t
c-3

centratios below I x 10 1in 3.These runs produced 25 untwinned boules, for an excellent

overall yield of 86 percent. In striking contrast, for the 26 runs with Zn dopinL of I > 10iH ',-

or higher the Yield was only 19 perc ent. Since the probability of twinning increases ais tie st( k-

iirg fault energy decreases, the results suggest that Zn doping of InP decreases the stackin,

fault enre-gy, as has been reported for Sn doping of GaAs (Hlef. 2).

There may also be a relationship between the increase in twinning due to heavy Zn doping

and the observation by Seki, Watanabe, and .Matsui
3 

that doping with Zn at concentrations ir the
18 -3low to cm n"range permits dislocation-free InP crystals to be grown by the .L(' method even

at high interface temperature gradients. If there is such a relationship, heavy S doping might

be expected to increase the probability of twinning, since Seki et al.
3 

also observed such doping

to permit the growth of dislocation-free crystals. Thus, it may be significant that twinned boules

were obtained in both of the runs made with Our standard procedure in which the S doping ex-
Is -3

ceeded 1 x 10 cm

In developing the standard procedure, we made a systematic investigation of the effect of

changes in the growth parameters on the probability of twinning. Table 111-2 lists the pararreters

studied and the direction of the change in each parameter that was found to decrease the inci-

dence of twinning. In every case, a change of the parameter in the direction listed is expetct,,d

to cause an increase in temperature gradient at the crystal-melt interface. (We have not yet

attempted to make any temperature gradient measurements.) For example, decreasing the cru-

cible height increases the gradient by reducing the after-heater effect of the crucible walls that
4

extend above the melt. In a detailed study of the LEC growth of GaP crystals, N'gren also

found that the probability of twinning was reduced by decreasing the crucible height, and he too

attributed this effect to an increase in the temperature gradient. We conclude that one essential

requirement for twin-free growth of InP crystals by the LEC method is that the temperature

gradient must exceed some minimum value.
18 -3

The results given in Table Ill-i indicate that Zn doping above I x 1018 cm significantly

increases the minimum temperature gradient required for twin-free growth. We have therefore

carried out several runs with heavy Zn doping in which the growth parameters were changed in

the direction expected to increase the gradient. Untwinned crystals were obtained in the two

most recent runs.

To provide substrates with controlled electrical properties for device studies, InP crystals

must not only be appropriately doped but also have an acceptably low concentration of residual

impurities. We have monitored this concentration by periodically growing crystals without in-

tentional doping and characterizing them by means of Hall coefficient and resistivity measure-

ments. Table [H-3 gives the results for the three most recent undoped crystals and the corre-

sponding polycrystalline charges. All the samples are n-type. For the crystals, at 77 K the
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TABLE 111-3

ELECTRICAL PROPERTIES OF NOMINALLY UNDOPED InP CRYSTALS

Starting Charge LEC Crystal

Crystal n (CM 3  P7(cm 2V-seC_ I n (cm- 3  1C se-1I
Number 77 7777 ) 7 7(c

15 4 15 4
268 1.2 < 10 8.2 10 2.8 10 4.1 10

280 1.0 K 10 15 3.9 10 4 3.0 "10 15 3.5 104

294 8.1 Y~ 10 14 7.2 /10 4 4.0 10 15 3.4 104

carrier concentrations range from 2.81 to -4.0) 10 to~ I atti-tohli-si. .IIx
4 c,2 hi, -1110oc V se(' In each case, the carrier conc' -ttratiolo is siL nifn( ly. 11i !h i-IlI. 1111

ity significantly lower for the crcystal than for' the Starting cha rgc. TIwo possihi, S-i1t '-s f,)

the additional impurities art the F3 ()3 encapsulant and the Plilt b0oudhiieS of thn- , 1,, 421 i,:

tonial. The impu ity concent rations in the onduped c cysta is acre too low, for tell id -. 55s sit-

crographic a aalvysis. Hloweverc, we do have evidence from proton - ulUcd (i t-th\ii :5 sI

one batch of 1lj 2) contained about 100 pipma of Zn. Mlass spect coo raphic alni l.is shui-i Ti

Fe-doped crstl grown with this material as cncapsulant were contii olted w,.ith Z.,t 1, I is
t5 - 3

in the 10 eca'l range, sufficient to make the crystals p-type insteadi (If semli - it so V IL. \

have recently grown a number of Ic-doped crystals in cons using uncotntamtinated J.Y "*li

residual impurity concentrations in these cr ,stals mtust ')e quite(- since tile c CrystaIs "!.c -I! I -

insulating although the charge dIoping was only 0.01 weight pe rrent Fe. The lwi r es idual III-

purity conc entrcations are also evid enced bty the fact that the oxohilities at 300 1K are zill lict% .rn I

3. 5 and 4.6 >x 10 cm 2 V -1sec 1. The latter is the hi-ltst %Viu Itesit far reported for si.1-: -

insulating Fe-doped lnP:. G;. Wk. Iselec

B. PHASE D[AG1iA M FORl I, 11: GROt WTHI OF (;a nAsl I'I.AY I- S
LATTICE- MATCHED TO Inl St [iSTIIATES

Optimum performance of optoelctrolic detvices2 inco cpo rat itl GaIn -\s P/hIl ' ilt t- lostrto tit cS

requires that the Galni\s P layers he c-losely lattice- mlatchedi to [tll. \ Ithecg Wi111 v e s t

have prepared lattice - matched alloy, layers by liquiul- phase epi t axial (1,11F I) c tewli, no (il oprt -

hensive phase diag ramn Ias heelt pulilished for the Is- rich corner of' the (V In 'Si St i-to. This

report presents such a diagram,. which Viv-es liquidus and sotliduls isothlermls for thle rwtt f

lattice- match ed GatnA sI alloyvs oti Ihotl (11)0) and (Iili)11 lnP substrates at ttlli-t~ isfromn

570 to 6 50'C' and over the whole solid tolliposition canoe from filI, itself to tlt- I imititl - fe

ternary composition, Ga0 o.4 [t 5 3A s. These isothernms reflecct a general charalctecistit of the

deposition of GaInAs P alloys at temperaturts in the range ttset for practical 1LPI-. L~'cewth -

namely, that the alloy compo)sitiont obtained Ity g cowl I fronlt ai givn liquid lit a given tern etaitUrt

depends on the substrate orientation.

In making the phase diag ram nmea sutremen~ts, we usedl a hortizontail graphite slidecc boat that

was heated andler flowing 112 gas in a transparcent fu rnac e, whtich permiitted the liquitlus temlperia-

tures to he determined by the direct observation omethodi. Accurately Weighed qulantities of lin,



InP, [nAs, mnd (;aAs in the proportions necessary to obtain the desired liquid conpJositiOll were

placed in the solution well of the boat, and an oriented, polished, and etcihcd [nP wafer was

placed in the substrate well. The boat Aas heated to a temperature high enough for the solids

in the solution well to becoine complettly molten, then cooled until sonie solid was for'meed.

Next the temperature was slowly raised in small increments until the last solid just dissolved.

The temperature of final dissolution was taken as the liquidus temperature.

The solidus composition was found by determining the composition of an alloy layer obtained

by LPE growth from the molten solution. The boat was cooled to about 5'C below the liquidus

temperature, after which the supercooled solution was pushed over the substrate, allowed to

remain in contact long enough for growth of a layer 2 to 5 wn thick, and then pushed off the sub-

strate. The composition of the layer was determined by electron microprobe analysis, and the

lattice constant was found by x-ray diffractometer measurement. The liquidus temperature and

solidus composition data were used in constructing the phase diagram only if the measured lattice

mismatch between the layer and the InP substrate did not exceed 0.1 percent. The composition

of the LPE layers depends on the amount of supercooling used, but the change in composition due

to supercooling by 5°C does not exceed the uncertainty in the microprobe analysis.

The phase diagram data for the lattice-matched GalnAsP alloys are plotted in Figs. 111-2

through 111-5. These include the liquidus data we reported previously for lnP (Ref. 6) and for

Ga 0 4 7 In 0 5 3 As (Ref. 7). Figure 111-2 shows the compositions of the liquids that yield lattice-

matched alloys by growth on (100) lnP substrates at four different temperatures: 570, 600, 625,

and b4'7°C. In order to specify these liquid compositions, it is necessary to specify the content

of three of the four elemental components. Therefore the results for each temperature are rep-

resented by two isotherms, which give the P content of the liquid (P ) and the Ga content of the
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liquid (Ga ), respectively, as functions of the As content of the liquid (As ). These isotherms

have been drawn through our data points for PI and Ga , which are represented in Fig. 111-2 by

the open and closed geometrical symbols, respectively. The P and Ga I data of other authors

are represented in the same figure by letters and underlined letters, respectively (F, Feng

et al ; N, Nagai and Noguchi'0; 0, Oe and Sugiyama").

Each of the P isotherms in Fig. 111-2 is terminated at the ordinate axis by the In-rich liq-

uidus composition from the InP phase diagram at the isotherm temperature. Each of the Ga I

isotherms is terminated at the upper end by a point giving the composition of the P-free ternary

liquid that yields Ga0. 4 7 In 0 . 5 3As by growth at the isotherm temperature. For the region close

to the ternary limit of the diagram, the liquidus temperature changes quite slowly with chang-

ing Ga

Figure Ill- 3 shows the liquidus data for the growth of lattice-matched GaInAsP alloys on

(11i)B InP substrates at the same four temperatures shown for (100) growth in Fig. 11-2. The

symbols x and +, respectively, represent the Ga Iand PI data of Perea and Fonstadi 2 obtained

near 62iC, which are in excellent agreement with our results. Comparison of the two figures

shows that for a given As I and growth temperature the liquid yielding lattice-matched growth

on (ii1)B substrates has a higher Gal and lower PI than the liquid yielding such growth on (100)

substrates.

Figure 111-4 shows the relationship between the liquidus and solidus compositions for growth

of lattice-matched GaInAsP alloys on (100) substrates at the four temperatures. For each tem-

perature, this relationship is given by an isotherm obtained by simply plotting Ga I against the

Ga content in the solid (Ga S). This representation is possible because for a given growth tem-
perature the liquidus composition is fixed by specifying Ga I and using the two liquidus isotherms

for that temperature shown in Fig. 111-2, while the composition of a lattice-matched alloy is com-

pletely fixed by specifying the content of any one of the four elements. Each isotherm is termi-

nated at the upper end by the point giving GaI for the liquid that yields Ga 0 . 4 7 1n0. 5 3 As.

Figure Ill- 5 shows the four isotherms relating Ga I and Ga s for lattice-matched growth on

(1ii)B substrates. For a given Ga , the composition of the solid is quite insensitive to growth

temperature. The dot-dashed and dashed lines are the 600 and 6501C isotherms calculated by

Perea and Fonstad.1 2 The calculation shows a larger temperature dependence than our experi-

mental results, although the 621'C data points obtained by these authors (shown by the open

triangles in the figure) are in good agreement with our experimental results. Comparison of

Figs. Ill-4 and I1l-5 shows that for a given Ga I and growth temperature the values of Gas and the

Ga distribution coefficient (Ga S/GaI) are always higher for (100) growth than for (111)B growth,

but the differences decrease with increasing temperature. This decrease in orientation depen-

dence with increasing temperature is not surprising, since the dependence presumably results

from the attachment kinetics at the growth interface or from a difference in surface energy,

which becomes smaller compared to the thermal energy as the temperature increases.

J. J. Hsieh

C. VAPOR-PHASE EPITAXY OF GaInAsP ALLOYS ON InP SUBSTRATES

Several groups have reported vapor-phase epitaxial (VPE) growth of GaInAsP alloys on nP

substrates by the hydride method, which uses PH 3 and AsH 3 as the sources of the Group V ele-

ments.J3-16 Here we describe the VPE growth of these alloys by the trichloride method, which
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uses PC13 and AsCl 3 as the sources of these elements. The motivation for employing the tri-

chloride method is that GaAs and InP layers of very high purity have been prepared by this

technique.

The sequence of basic reactions for growing III-V compounds by the trichloride method is

illustrated by the following ideal equations for InP growth:

4 PC13 + 6 H 2 -P 4 + 12 HC1 (111-1)

Th

P 4 
+ 4 HC1 + 4 [nP Z! 4 InCl + 2 P 4 

+ 2 H 2  (1I-2)
T 1

First, a Group V trichloride reacts with H2 at high temperature, yielding a gaseous mixture of

the Group V element and HCI. Next, this mixture reacts with a III-V compound source at high

temperature to produce a gaseous mixture of the Group III monochloride, the Group V element,

and H2 . Finally, the second reaction is reversed at a lower temperature, causing deposition of

the III-V compound on the substrate.

In extending the trichloride method to the VPE growth of the GaInAsP alloys, we can regard

the deposition of an alloy as the deposition of a mixture of GaAs, InP, and InAs. Any alloy com-

position can be obtained by adjusting the relative amounts of the three compounds that are de-

posited on the substrate, as shown by the following equation:

(1-x) GaAs + y InP + (x-y) InAs = Ga 1xInxAsi-yPy (111-3)

For example, these amounts are as follows for an alloy that is approximately lattice-matched

to InP and has its absorption edge at 1. 3 pn:

GaAs - 0.2

InP - 0.5 Ga 0 . 2 In 0 . As0. 5 P 0 . 5

InAs - 0.3

Controlling the composition deposited requires control of the composition of the gas mixture

that passes over the substrate. The reactor that we use for VPE growth of GaInAsP alloys on

InP substrates is designed to permit such control. Figure 111-6 shows a schematic diagram of

EXHAUST
t SUBSTRATE H2 P+ M3

Inprt.
z nA* - H. + AZCL

GaAs +.- 3AC

730 C 700.c 7500*CO~

Fig. 111-6. Schematic diagram of reactor and temperature profile
for VPE growth of GaInAsP by trichloride transport.
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this reactor, together with a representative temperature profile. The reactor uses three com-
pound sources - InP, InAs, and GaAs - each in a separate tube. Each source is reacted with a
gas mixture containing the same Group V element, which is obtained by reacting H2 with either

PC13 or AsCl 3. The three gas streams obtained by reaction with the compound sources are com-
bined in a high-temperature mixing chamber and then passed over the substrate, which can be
inserted and removed while the reactor is at operating temperature. The composition of the
combined gas stream is controlled by independently controlling the temperature and therefore
partial pressure of the three trichloride reservoirs, the H. flow rate over each reservoir and
its associated compound source, and the temperatures of the three sources.

Ideally, the growth conditions required for VPE growth of a particular alloy composition
would be determined by the equilibria for the basic reactions of Eqs. (III-1) and (111-2). For de-
position to occur, the partial pressures of the components of the vapor phase above the substrate

must exceed the values in equilibrium with the alloy at the substrate temperature. For the
Ga0.,In0. 8P 0 .5As0. 5 alloy, these pressures are in the order InCl > P 4 > GaCi > As 4 (Refs. 17-19).
In practice, the growth conditions are also influenced by a number of other factors, including
the degree of completeness of the reactions between the three compound sources and the gas mix-

tures passing over them, changes in the composition of the final gas stream due to alloy deposi-
tion in the region of decreasing temperature between the mixing chamber and the substrate, and
etching of the alloy layer by the free HC1 in the final gas stream. These factors may change
from run to run, reducing the reproducibility of the epilayer composition.

Under the experimental conditions used in this investigation, epilayer growth rates have
generally been in the range of 1 to 3 fn/hr. The grown layers have been between 2 and 5 m

thick. Table 111-4 gives the results of electrical measurements on four alloy layers with energy
gaps of about i eV, as determined by photoluminescence measurements at room temperature.
For the first layer, the resistance was too high to permit the Hall coefficient to be determined.
The other three layers are n-type, with carrier concentrations at 300 K between 2.7 and 5.6 x
t01 6 cm - 3 and mobilities at 77 K of 5300 to 5800 cm2 V sec - . Figure 111-7 presents photomi-
crographs showing the surface morphology of three alloy layers and an InP layer grown in the
same reactor. All four layers were grown on (100) InP substrates. The lattice mismatch values

TABLE 111-4

PROPERTIES OF GaInAsP EPILAYERS

Carrier Hall
Lattice Mismatch Concentration Mobility

Thickness Aa/a 0  Energy Gap (1016 cm- 3) (10 3cm2 V sec - I

(Wjn) (percent) (eV) 300 K 77 K 300 K 77 K

2.0 -0.16 1.10 - - - -

2.0 -0.22 1.02 2.7 1.7 3.0 5.3

3.0 +0.31 0.99 5.6 4.5 3.5 5.8

4.0 +0.35 0.90 3.0 2.1 3.3 5.6
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-0.22% 0.31%

-0.16% InP

Fig. 111-7. Photomicrographs of three GaInAsP layers and an InP
layer grown on (100) lnP substrates.

for the alloy layers are 0.32, -0.22, and -0.16 percent, where a positive value indicates that

the lattice constant is larger for the layer than for the substrate.

We believe that our results demonstrate the feasibility of using the trichloride method for

VPE growth of GalnAsP layers on InP substrates. Further development would be required to

achieve the purity and degree of composition control needed for device applications.

P. Vohl

D. HETEROEPITAXY OF Gel-xSix ON Si BY TRANSIENT HEATING
OF Ge-COATED Si SUBSTRATES

20
We recently reported the fabrication of high-performance GaAs solar cells (with efficien-

cies over 20% at AMi) that utilize GaAs epilayers only 4 wrn thick grown by chemical vapor de-

position (CVD) on single-crystal Ge substrates. If such thin-film cells could be fabricated on

Si substrates, they could be produced at much lower cost than conventional GaAs cells. However,

attempts to prepare high-quality GaAs films by CVD growth directly on Si substrates have not

been successful, primarily because the lattice constant of Si is about 4% smaller than that of

GaAs, whereas Ge is closely lattice-matched to GaAs.

A possible solution to the problem of GaAs/Si lattice mismatch is suggested 2 1 by the fact

that Si and Ge are completely miscible in the solid state, forming alloys whose lattice constants

vary continuously with composition. If a Si substrate were covered with a heteroepitaxial

Ge ox Six alloy film that was graded in composition from Si-rich at the substrate interface to

Ge-rich at the front surface, the stress due to lattice mismatch might be relieved sufficiently

to permit a GaAs epilayer of satisfactory crystal quality to be grown. In this report we describe

the formation of heteroepitaxial Ge t1 xSi x films of good quality by transient heating of Ge-coated

Si substrates with a graphite strip heater. Heteroepitaxial Ge films on Si obtained by pulsed

electron-beam 2 2 or laser 2 3 2 4 heating were found to contain rather high defect concentrations.
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To prepare samples for transient heating, electron-beam evaporation or EF sputtering was
used to deposit a Ge or Ge-Si film about 0.25 rnm thick on the polished surface- -.[ commercial

(100) Si wafers. The wafers were cleaned by conventional procedures and rinsed with dilute HF

just before loading into the deposition system. The As-deposited films were amorphous; the

concentration of oxygen at the film-substrate interface was below the detection limit of Auger

spectroscopy. The coated wafers were cut into individual samples with dimensions of about

0.05 x I X 2 cm.

The heating element was a graphite strip with dimensions of 0.1 x 6 x 10 cm. The ambient
was high-purity Ar. The sample was placed at the center of the strip, usually with the Ge-coated

side facing up so that the effects of heating could be observed visually. A chromel-alumel ther-
mocouple imbedded in the strip was used to monitor the temperature. In a typical run, the tem-

perature was raised to a maximum value (Tmax) of 1000 to 1100°C in about 30 sec by passing
an AC current of up to 350 A through the heater strip, then lowered to room temperature at a

rate of 5 to i0°C/sec.

The techniques primarily used for film characterization were reflection high-energy elec-
tron diffraction (RHEED) and x-ray diffraction. These techniques showed that if the value of

Tmax reached during heating was about i000°C or higher the films were basically epitaxial with
their single-crystal Si substrates, although regions twinned on {iM) planes were present in

most of the films. A few experiments with Tma x of 800 to 900'C yielded polycrystalline films.

The results obtained were similar whether the samples had been heated with the Ge-coated sur-

face facing up or in contact with the graphite strip.

In order to determine the microtwin density in the Gex Sii x films, x-ray diffraction data

were collected for the (311) planes. The upper trace of Fig. 111-8 is a diffraction pattern showing

the (311) peaks for the substrate and the epitaxial film obtained by a Bragg angle scan made on

Ge COMPOSITION

0 04 0.8

20 C"
(311) Si

Fig. 111-8. X-ray diffraction patterns for
a sample prepared by transient heating of
(;e-coated Si. Upper trace: (311) peaks z 10.101.
due to Si substrate and epitaxial regions -_
of Gei-xSix film. Lower trace: (311) z
peak due to twinned regions of Gei-xSix
film. 1311) GeO8 So?

. 0510 
,

1311) Geo 8So 2100,
Too. TWIN50.

51 56 55 54 53 52
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a heat-treated sample. By comparing the sample orientations required to maximize each of

these peaks, it was found that the difference in orientation between the film and substrate is less
25

than 0.5'. From the dependence of lattice constant on composition for the Ge 1 x Six alloys, the

lattice constant obtained from the angular position of the peak for the film corresponds to a com-

position of Ge 0 . 8 Si 0 . 2 . According to the phase diagram for the Ge-Si system,z 6 the solidus tem-

perature for this composition is 980°C, close to the value of 1000°C for Tmax that was reached

in heat-treating the sample. Similar agreement has been found between the values of Tmax used

in other heating runs and the solidus temperatures for the Ge IxSix compositions obtained. For

several heat-treated samples, Auger electron spectroscopy has been used to measure the

Ge1 _xSix composition as a function of depth. In each case, there was an essentially uniform

region adjacent to the surface for which the measured composition was close to the value deter-

mined from the x-ray diffraction data. Below this, the Ge content gradually decreased to zero

over a distance of about 1/3 to 1/2 the total thickness of the film.

After making an angle scan with the sample oriented to maximize the (311) peak for the epi-

taxial regions of the film (in Fig. 111-8, the upper trace), the sample was tilted by 20° toward a

{111} plane in order to maximize the (311) peak for the twinned regions. The angle scan was

then repeated. The lower trace in Fig. 111-8 was obtained in this manner. The (311) peak

appears in this trace at the same angular position as in the upper trace, since the alloy composi-

tion is the same for the twinned and epitaxial regions, but the intensity is almost two orders of

magnitude lower. (There is no peak at the angular position for Si, since the substrate was un-

twinned.) The ratio of the (311) peak intensities for the twinned and epitaxial regions, which we

call the twin index (TI), is a measure of the microtwin density. Our detection limit for TI is

about 2 x 10 , corresponding to a value of about 6 X 10 for the volume fraction of twins.

In Fig. 111-9, the TI values for a number of Ge 1 xSix films are plotted against the values of

x determined by x-ray diffraction. The data were obtained for samples cut from four different

16 2'-A•"
AA SPUTTERED
Oe EVAPORATED 'A

W A ,
J A 1 Fig. 111-9. Twin index (TI) as a

function of x for Ge1-xSix films
z obtained by transient heating of

N samples from four Ge-coated Si
wafers.
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Si wafers, two initially coated with Ge by e-beam evaporation and the other two coated with sput-

tered Ge-Si containing about tO a/o Si. Films with different values of x were obtained by using

different values of Tmax in the heating runs. Two major trends are apparent in Fig. 111-9. The

TI values are much lower for samples that were initially coated with evaporated films than for

those with sputtered films. The relatively poor quality of the samples with sputtered films may

be due to interference with the crystallization process by Ar gas trapped in these films during
27

deposition. Such interference has been reported previously. Second, for samples from the

same wafer the value of TI decreases as x increases, as might be expected because of the de-

crease in lattice mismatch between the Ge 1 x Si x film and the Si substrate with increasing x.

For the best of the evaporated samples, with x = 0.43, the value of TI was below our limit of

detection.

Rutherford backscattering in the channeling mode has also been used to characterize several

of the Ge i _ x S i x films obtained by heating samples coated with evaporated Ge films. In all cases,

the channeling yield was consistent with the epitaxial character of the films. The data obtained

so far indicate a correlation between channeling yield and TI. For the best sample, the chan-

neling yield was only 6 percent, for scattering from a level close to the front surface of the

film, compared with the theoretical value of about 3 percent for a perfect Ge crystal. The per-

centage increased to 30 percent at the film/substrate interface. These results are somewhat

better than the best reported for films prepared by pulsed-beam annealing.2 3 ' 2 4 Examination

of our films by optical and transmission electron microscopy have not revealed the cellular

structure reported in Ref. 24.

Since we have succeeded in obtaining Ge Si heteroepitaxial films of good quality by tran
1-x x

sient heating, we are now using these films as substrates for the CVD growth of GaAs layers.

The initial GaAs layers are also of good epitaxial quality, with channeling yields as low as 7 per-

cent. At this time we see no serious obstacles to the fabrication of high-efficiency GaAs solar

cells using the GaAs/Ge IxSix/Si structure.

J. C. C. Fan F.M. Davis
R. P. Gale G. H. Foley

E. LIQUIDUS ISOTHERMS, SOLIDUS LINES, AND LPE GROWTH IN THE
Te-RICH CORNER OF THE Hg-Cd-Te SYSTEM

Liquidus isotherms and solidus lines for the Hg1 _xCdxTe primary phase field in the Te-rich

corner of the Hg-Cd-Te ternary system have been obtained for temperatures from 425 to 600*C.

These isotherms and lines were used to help establish conditions for the open-tube liquid phase

epitaxial (LPE) growth of Hgl_xCdxTe layers on CdTej_ySey substrates.

The curves of Fig. 1-9 of Ref. 28, along with some additional data which were obtained by

a modified direct observational technique (MDO), have been used to obtain liquidus isotherms

for the Te-rich corner of the Hg-Cd-Te ternary system at temperature intervals of 25°C between

425 and 600°C. These isotherms, which are plotted as solid lines in Fig. 111-10, specify the com-

positions of (HglzCdz)iyTey liquids that are in equilibrium with solid Hgi_xCdxTe. Each iso-

therm is a plot of the atomic fraction of Hg, (1-z) (1-y), as a function of the atomic fraction of

Cd, z(t-y), for these liquids at one of the selected temperatures. It is seen that at constant Hg

content the solubility of Cd increases with increasing liquidus temperature (TI). Also, for con-

stant TI the solubility of Cd has a maximum with respect to changes in the Hg content. The

dashed curves in Fig. 111- tO are solidus lines, which are discussed below.
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s it I I S I I'll I kk I I I - I a I I, a I I ki I I I I I - F I I L I -I I I I I I -I %% till 4 Ill Ill 1 1) .'. tit lo lillolo ll t11111 . (I Ill I o 'k t f,

S I I 111 t 10 11 0 1 , I L I I I 1 0 1111111 s I t I c I I I . .I I , I t 4 1 4 0 l., o I L I I I I ix t I I I of I I , ( d , L'Ild 'I c it. Ih, , 14 1 1 , 1 1 pro-

portion, X% ;is 1)1.1( cd III " (fLI:l rt , L11,pokile. Mil, 11 '.kan thell I .., t-1-1 01'i .*:,1, (1, h, ;,to d Ili (

for t it) , Io t tilt- -It :1,cnts old fIollIoL2(-I1i/t- till. ill.-It, :lIld I qmik ool-! to 1 14 -11, -

jW I'-AtI1I I to I'll Ill (ItIl 11, Ili"! 11IL-0 t.

1 01' C01 11 L-I 0 ill I'Llil tit,' L I :11011tt h0at %%.IS l0lidt"I 11 ol- 1111. ;ibout t. ol :1-t, I I.il 1-1 w"

Thc qLltilk lit'd SOIJI't C 1110ot Ill tilt, lit st bill, , I .k 1, 1 ,1' 1 tl"Y""t lot I I I!! tit, wll , (

% (-it . a [Ili I S I I I L2 I I r su, I k J c r (If, ( -1 (o I ( 'IT 4 ) , I I I I I, I s I I lot] ill tilt ,;It I , , : " t I I I I . 'I I I,

It it.Al, -st (ill:, I I I I I I lzt % I I s % I r I . ( If 't I I I It -d IV% _, ro w th , )I I I 1 1 r 111 t t I I .. t I i. t , '.

\ 0 I I I L 1) r1 '!It I I I N I qtl o I I t a Ill, %,.(I h u s I I I I- I.. 1 114 t

I I I s t ca , i I I r ( L I T S it I I S i I I I S. T I I t I ILI I I ('I I )OLL t 'A it S ;A :1 1 1 1 t I I (ill i 1-1 / t2 1'0 k th till 'ho"k I L!L

I. I,-,. I I I - t t . :ktld a flol% of I I I h-01 I :I I I( I I I fI It S 10 11 1 )it I- I t'l A I %'. a S S S I t 111-0 it k2 11 th" I ubt I j I

thc S% St t.!Ti tit coll '-'it i ri oil I )II I )I 1 11 1 , -fo I., rt -a 1 11 it 112 111 t )oiI t . t I I I I S I I ca I I , 111)%% 4 - I I V I I

troir of liquid IIL2 that N% as I :U1111t iII[Cd thl-OLIJ10tit tilt I'llil jt I C that I

partial III., ssm-c of' 11L apor (It'ss thall I Am) silit'l, I, lit Io clit tilt- loss (if IIL fro:1. Tit, , I I i I

Solution h% I-% apo rat loll.

Thc bullt \%Zis licatt'd III - to milt. I I wi. I oori tt-i qwi Illl 0 to ifl C(ILIiIIIII itl(V:. It I! Zltl I t of

( . Thc SOUI'k V IA:Vf'( I* WZIS tll(.!l pl'i, cd 11ildt.l. tilt - solutioll hill (ill( po'llioll hok t. I:;

Viu. M - 11), and tilt,- cqUilibl-ilthill tt-1111wratill't, %%a, 1: (i I'm, a till I , t jll, 11\ "(i - I:i. , i'll.,

CNOUQ11 to ill Sit I '(' forin at iori of' l hot I I OCt'l It'() US L.! I (M t I I ;o ILL t 10 11 111 a I \% L S _jL1tU I'" it (i t I,, I o I t wIt I I

tll(' SOUVCC. TlIC' SoIII'( L' waft-1, \%Lls thell li'm cd froll, tilt sollitioll hil, A~ h,

LlSllall. b % ShUttillL Off thC I)OWI-1- to tilt !urlulI t.. I ,mh k;!s illiti"tt .1 h, h!lll lhL Ill, Llh-

strate into I ollt tct Ii. itil ill(. solution M tcliipcl-Lotur'-. froli - z)o to 4 ,( 1' ( , I ()I I - poiwlil, I, )

tioll Supercool 11112 0 r (I to 100, ( '. F o I- the ( i I I I A i lid ( I I I i '111 ).'1 1 , t 0 o 1*1 , f it'l t 1, )1 ,, 111, o Ot 11

of supt-rcoolim! wvre typi( all. 10 alid 21YU, rcsim , it, -I% . I IV IV, 11,111w o[I tht '! o\% It, i-I "!, -tt I

and laYcr thi, kiicss do-sired, fill- subst I'Mc and sollitiotl N (.1 C k-t-I)t ill I Ollt ll I to:' Lit" % tit It:' I I

f ro I I I I I sec to 10 111 it I., (Ili ri I I c % I I it 11 1 ooli I I L, v. :IS , o I It I I It It., I. Yllc dc, I I ,- Ill 1, 1 1). 1 Ztill I 'I'll

in2 tht-st, titTics N%;is vencrallY hetwo'-ri I and I (;romh \% is tui ii.inat,-d h% :t 4 vi !tit 11-

stratc mav frojill th'. Solution hill and tht-li IllovillL tlic furna, t. ff oill tilt hozil

oolillLl tO V00111 t('tTljWI',ItUI-t'. Thc o2r(mn la.N crs ratiLit ill till, kiics frwii , to x-

nit. :tiio.\ (.0filiosition ima 0htZiitWd h% CIC( t t'011 11111 ZilMl.\ SIS of I I L a I

L:rown h% 1 .111' from (Hu COZ) - h( I'll 11,cd to ohlaill soll,01, ! Oa fo I I lit
I 1 1,( So I I I t ioll,

Tc- I.i( 11 1 o 1 -lit -r o f t lit - I I u - 'd Tv S\,.-;t(.Ill. For a ImIldwr )f L:to\ktll I-111's, tilt ::,I istll -I :,.olc

fra( tion of UdTf-, X, ill tilt- I . 111. kr cr is plotted ill FiL. Ill- I -, ;VL Allst tilt- Ztoll 1, 1 of I , to

Ill,, -z/( I -Z), ill tilt- urowill Solution. 'I'll,. solutimi I oiiipositimi %%as takcii to I- ill( S w,( Is tilt

W(.iL!jIvd-otIt ( Ompositioll fol' tilt' qtIt'IW1ICd iIII20t IISUd to lo ld tit, Solution hill, s1:1, I Ow 11, ;,,1 1 1 lol

pr(-SSII re wis adjllstcd to Ili 1'% Ullt it ClIdIlOt' ill SOlilti0ii I 0I1ijVo.SItl0II d(II-1142 III(, 1 1111.

\11 tit(. point', ill Fig. It[ I all hC CSCIIII'd h, ;I SUILIC 111_ C, AtIlMIL 11 tilt % %k I I I ol't"1111

for Ll.vcrs urown Lit ovI.I. tilt, v'llwv froill IL,(L In "Oj 1,111.1hvi-11 or". thi,

solidus I Ill-ve is ill L!ood avrectlicnt \%till tilt- tit-litics for tit( pseudohin"r.\ 'to

where v 0.1,. The insciisitivitY of the liquidiis -sol idu S ( 111-% '. to t ('11 ipt-raturt, III, iio at o" I hat 111,

r, ri( it ii(vws of iiit,,st rol 1 .111: 121.o\\tll In thc 142-("! - "I , I, S Stclli h, hl, I, Lt., h, l I\ ), , al

Solutions.



BV uSI-,g the liquidus-solidus relationship given by tile curve of Fig. 1-3 (assumed to be

lIit-ptlidtlit Of totn perature) togetther i th ilt I iquidus isothetrm s of Fig. I1I- 10, solidus lines

h.lit, ltven obtall, fO fig .x
( 

d.]" alloys with (dTe nhole fractions between 0 and 0.70. These

lumieS a t. plottvd ,s ishvd lims in Fig. Ill- to. Fach intersection of one of these solidus lines

%% ith a liquJIdo s isotht It1 L21% Is the coniposition of the liquid that is in equilibrium at the isotherm

tinmperature with solid ig I-x(Cdx
T

e having the x value specified for the solidus line. It is seen

forn j-ig!. Ili- It) that a very wide range of alloy compositions can be grown in the convenient LPE

,tg['O'th t'pt-H t1t'atUl'e oan t of 421' to tO U°(
"

T. C. Hlarman
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A. SIPATIAl.-1 llHIoI)- DIVISIO)N

StI'llctLor-eS WiCh SlIoulit hte especially attracti SI foll spaitial pe-riods below 100 1,11. I:. 1

01(10(2 whichl we call spIati:il-Ptil'ii-Iiisilll I-nllpo~si lictar-field Iiffrala( t ro, pci ir,di zi.

quasi-p r-iodic pa rent masks to pro)duIce itOur is ItY V atteril1S kkith spatial plIlms inor thai. tic

parent mnask. This plicriorilor Was obscr ..I lonig ago with isribit lighlt and1( Ias nc.41 stl~ll

b'y Several r'Seaehner-s. 2\% hat is new inl ourtI %(rk is its use ilill 010 lIiI lla)II. I-l~ [ill\ A.

cnjunictionl with soft x -rayv 1it og rapfi v.

I'he theory, of spatial -pu riod-disioi will he discussed inl a later illcto. A sinldil

model ipredicts that a miask pattern of' per1i p., with aui operdug or- slit of widthl p) _1, v.ill

gi rise to an intensity patterrn of - crod 1) 'n at a iistaric'- froml tilt rrilsk, S 1 /,X , a III

is the wavelength of tile incident radiation ald A 1) .A plot (If tile Cal( Ulate td I It i .t-Ist:

vs' distanlCe from a parent mask of per-iodi 1 is shown ill Fig. I\ -1. Note that tic. spati (I -

frequenicy-molt ipleS have a r-easorable depth of field. [ile ilitcilsity latteri. sloi. A Lit,

as a simple soIpe rpositiorrl of planle waves iiffr-acted froml the g ratinrg.

Fihe model was conifirmied at visible ia leriglhs irs irig a s-al~ n-I in. ulatiol, of a lahii rat,

x-ray lithographry unrit. ['lie feasibility of the tenhiniquLC 1,as olrst ra I. at thc-. 1 - i a

x-ray waselerigtfi b%- ''doubhlig a I
1

6.5i-rn pe-riod gr-atiriu-patt-rn -a mask to,

98.4-rim per-iod patternr ili lAOIA. I xposilre o l lIhor spatia11-fr ici, v,-n utiis dlppi.a iSf

sible, especially withl a sYn-llrotiori1 solr( C. If' tile rMask llitrdiLI1 '-S a lhs-sftumII tat .-

zero-order diffracted beani is arnclled arid it 1) A (IlilS thn sn-i i I slailfVi~u-I: A

mIAT A, PEl-,o5 Div SION

Fig. I V - 1. A tillr-ce-dllilnsiolral plot of tile calcuilatedI - -fed mifr:lctiori

p~attern of a ''par-t mask" of period p) arrd slit vi-Ith i) 10 is, showni. Iill'
shadled sections of thle plot Show tile iritlrsity profle of, tilt, se, MlI I, third
folir-th, arni fifth Spati(1l-feqlicrfic-Oi-nLlltipl(c 1 ofll rIMli-t [11,K Ii11ic

relsprectiv dOiistances from thre Irar-ert mas;k.

j') FPEC- N PAG-E BAL1K-NoJT Fi~.



IjO I -2. ia) Correlator Output fsig- Fig. I V- 3. (a) (orrelator outp)ut for phase -
iial plus iioi se) for an input earrier ecoed~t signals with 20-All lz bandwkidth on
froqiCIenCV Of Q3 AlllZ. Tfie signal and an input carrier frequcIIC Of 107 All iz.
referuc( pulse kviciths are 0.8 4sec. (b F~xpandud %view of' our relationi peak.
h) I )e-la\ef- O~ltpUt with loiSC it)\C Iteuf

signall minus noise). fc) Sum of (a)

90-MHZ CW
50 -20-,usec INTEGRATION 27

~IL
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u ill be present. This should enable quasi-periodic patterns such as variable-period gratings

and Fresnel zone plates to be "doubled."

Spatial-period-division provides a simple means of exposing large-area, low-distortion,

periodic structures. It has several advantages over conventional holographic lithography.

Spatial periods below 100 nm are readily exposed. When used with soft x rays, back reflection

from substrates is avoided, thereby permitting high-aspect-ratio resist structures. And fi-

nally, the profile of the intensity pattern can be controlled by adjusting the slit width of the

parent mask. In principle, this technique can be extended down to the limit of microlithography,

which is believed to be about a 10-nm spatial period. However, fabrication of the parent mask

is a challenging task. D. C. Flanders

A. Al. lawryluk

B. C'IIARGE-('Ot:I'I.EI) I)EVI(ES: SAW TIME-INTEGRATING CORRELATOR
WITHl 'I) READOItT

We have earlier 3 , 4 described a time-integrating correlator in which the multiplication and

integration of many samples of two wideband surface-acoustic wave (SAW) inputs take place in

a charge-coupled device ((CI)). This report describes two fixed-pattern-noise-cancellation

schemes for improving the dynamic range of this device from 20 to 40 dB. One method uses a
secona CCD chip as an analog delay line, and the other employs digital post-processing of the

CCD output. Both of these schemes take advantage of the fact that the fixed-pattern noise is

time-invariant and signal -independent.

The first method of fixed-pattern-noise cancellation utilizes one of our SAW/CCD chips

assembled as an analog delay line for temporary storage of the fixed-pattern noise. This pat-

tern noise is subsequently subtracted from the active SAW/CCD output. The sequence of op-

eration for this cancellation scheme has the correlator output with signal plus noise (S - N)

stored in the analog delay line. Then the input signal is inverted by means of a balanced mixer

(a DIlDT RI. switch), and a second correlation is performed. This second output is inverted

to yield signal minus noise [-\(N - S) (S - N)J and added to the previously stored signal plus

noise to produce the correlation [(S N) 4 (S - N) = ZS] shown in Fig. IV-2. This scheme pro-

vides an output in real time with the correlation output enhanced and the noise effectively

suppressed.

This cancellation scheme was used to improve device performance for the correlation of

20-Mllz-bandwidth pseudorandom waveforms. Figure IV-3 shows the CCD output after integrat-

ing for 200 Lsec, where Fig. IV-3(a) shows the full 3.5- 1jsec correlation window stored in the (Cl)

(including a spot defect which could have been screened out by more careful wafer testing), and

l.'ig. IV-3(b) shows an expanded view of the correlation peak. The importance of this result is

that with this real-time cancellation scheme the dynamic range of the device, as seen for the

correlation peak in Fig. IV-3(b), is now sufficient to support a signal processing gain of at least

30 d.

An A/I) converter and a computer have been used to implement a digital cancellation scheme.

This scheme is not limited by the noise and distortion from the analog ((1) delay line of the real-

time cancellation method, and can be used to determine the dynamic range of the correlator it-

self. Figure IV-4 shows linear response over a dynamic range in excess of 40 di for an integra-

tion time of 20 4.sec. Similar experiments are being performed for longer integration times.

Ih,se experiments are complicated bv the fact that the linearity depends upon the operating
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irlitiolrs ofi Li, 1d1. c an-'i C. ar-.II iltI- pireci-sS ofi opllliiII thus.' iijeratilig i-oriijoris. lre

hunt' rti-spous lls I] hoith aitV rati-lir, tIIIi- rmnI siiial pea.-r Is [it-, cssarv to acic e. 4 the lesi red cur-

roi-mi Lain. 1). -. Stl'

C. Hl(II 11ili10)IMMA\ 1: (ttl A [I(l'lA. Gai:s \lUYd)lTIllU MINER AT 110 Gliz

Vk e cIae fn h rlcItetd a I il I (.a \ -. r,o Iortic Ili Ieiratedl circuit ftixeri- tcIcr is in I peda lce

rI Iatchfit-i t( I tiiar .IIta Ia% av -IlI Ide. Thie Ir I--l -uri.-uisl.- of* , slot uoirpbr, a coplanar tranis-

misslionli hie, a -,1ri"I-c-or-ienited 'Suiohitk -Itr-ii- dide1, 5.h and II in -R iV pass capacitor. All

cilpollerit-. av l!i rroitricallv ie.ta.Ii i ti.- ( a-I, surface. Al 1i) EIlz, a Inerillithic rIlixer.

wodiille rIlnoiiitetdll the erld I a a io*'lrdi iri ha- :Ill micoelid douie~f sideliand (DiSM rnixer

Iloeise ten pe rat '- K :11d :I ait I" ,i i' 3.H dlM.

Ire nmethod by MikhI the sigr:: is tcupltd into) tile( nluer diode is a critical aspect of thle de-

sign of all integl-ate-lrix, Oslo-, ill tor siptials ~l ill'~ millinit-te-w cleripti regimle. The

COllplilng Must he perferl-a %itII lohss :nil h% aI str'iti,- cwhicht is ce~ctilicahlv small. Ini this

nixei-, thre radiation propapatt'S thI*I-'.,tJ al sen-tIrIISulatirip GaAs slat) to a slot colilpler fabricated

)hotolithogl-aphicaliv in a nitetalli,- grmimi plain- oil the surfacea of the GaAs. ['lie slot ceirplei' is

connected to a diodle bv all appropriate. se tier, of c-oplaniar line-, andi all integrated bYpass capacitor

compjletes the mnixer circulit pl'.a i-hugL a1 shir't i Ir-nit to nilirneter-\%ave frequencies anid anr open

cir-cuit at tile I1' (Fig. I \ -5). 'lie heart of the iiitevrattE ixuer ('irillit ( Fig. I \--c is the surface-

oentedi Sciiottki -harrier diode which is male oi niaterial hl juig epitaxial lavers of 11- on)

it -GaAs g tea' l Ii 1)011 a Sc nli- i isulatif! IT 5iiiSt ate. Ilie ii -lag. r is alplroxi niatelv 3 lni thick with

a ica rI-i(- r conLcrtratioti of i 10 c-n a Idle tile n -layver is 0.1 to 0.2 [in, thick witih a (-Oncen -

tration I to 210 17 c In, - \11 alloved Au -(;e olimeii' (-oita(-t region is deCfined oen tire surface of

thre n -GaAs, anid the Si-i ottkt'-ha ri ni mtalli zatioli is a stripe of' ia -Au WiCii is definied onl thle

sur-fac-e of tire ri-GaAs uISili Ol)tit-al lprojectioni litior-apiiy anid metallizatieon liftoff. l'roton bom -

liardnert isolates tie- diode conlducting aria,- b% COMiitetilIg epitaxia I layers riot used ill tile mixer

lioeI to iih -ri-sistivtY material. I'Ypival paramieterls for tihe IU, -his ale JItltiOli capacitane

U 1-7 fI-, se ties -resistance It, 7 QI, andi idc'alit% factor ii 1. I. 1li ct esulting zero-hias

c ,rtoff frCeijLieC'VC is overI 3000 G Ilz. l'ie S( iiottk,% -harrier ictallti yatiott stripe is c'oitacted witii

air oer-laY c-irc-uit metallization whlich also forms a hepass capac-itor arIounld thle peripie r of thle

ohimic c-orntact. [lie module dimeiisions are c hosenr to hi' slighitly less tihan tire inside dimensions

of WIR-110 uvaveguide, arid the mocdule thickiiess is selected to suppress iundesirahle surface-wave

modes onl the GaAs.

Although each module is a complete irntegrated mnixer, it is ituiorutenientlt' small in chip form
arlidlsMutdi a lagrstruc-ture (ig IV -71 o use. 01'( oera cicurt ground plane metal-

lizatioln oil tile chlip is alloyv bondeid to a g round plane nietallizationr ol tile hark surface of a cc-

ranic substrate so that the ohimic contact partl(seen ill Fig. I\ -61I is accuratelY positioned ov-er a

hrole drilled through thle ceramic substrate. '[he [F- signal is extracted bY a [('-hendeil gold

ribbor which connects to a 50-12 microstrip line idefined on) thle fronit stir-face of the ceramic. The

integrated mixer module is located in the eird of a standard I-I-: 1 0 w alegiile horn, and] a liellows

sp-rig-contact to the microstrip line on thre ceramic substrate provides anr IF- output contnection

to air OSAI connector. 'The mixer mount is consequentlY ruggeid anid mechatiicallY simple. Trhere

is no waveguide backshort arnd no turning adjurstment.

['he monolithic mixer moditle provides anl impedance match to a FE to Wave propagating in

fundamental waveguidle. Ihlerefore, the mixer module canl be mounted iii full-height [E-to wave-

guride antI interfaced directly to arty c-onvertional waveguide componlent. W\e chose, liowe\ er, a.

43



WAVEGUtDE

HORN

R F\ 'k SiO, OVERCOATED
OHMIC CONTACT

PERIPHERAL
OVERLAY

o BYPASS
CAPACITOR

- SLOT
COUPLER

SEMI-INSULATING
GaAs

Fig. IV-7. Monolithic mixer module mounted in TE10 waveguide horn.

quasi-optical approach and a single-ended double-sideband receiver configuration to evaluate the

monolithic mixer so that the complete receiver can be scaled to higher frequencies where wave-

guide techniques are inappropriate. At 110 Gusz, an uncooled )S13 noise temperature of 339 K and

mixer conversion loss of 3.8 dB have been measured at an IF frequency of 1.2 Gtlz. The mono-

lithic mixer has an inherently large RF bandwidth and should give excellent performance over the

waveguide band. No RF tuning is necessary. Instantaneous bandwidth is determined by the IF

matching network-IF amplifier combination. Scale-model results show that IF bandwidths

greater than 6 Gtfz should be obtainable. B. J. Clifton R.A. Murphy

G. D. Alley 1. H. Mroczkowski

D. LATERAL EPITAXIAL OVERGROWTH1 OF SILICON ON SiO 2

Earlier research 8 has shown that lines of certain materials on the surface of GaAs wafers

can be embedded in a single crystal of GaAs by epitaxial growth. rhis work was essential for

the development of the permeable base transistor (PBT)8 in GaAs, and the development of a PBT

in silicon will require that a similar technology be developed for embedding a grating in single-

crystal silicon. We report here the lateral overgrowth of up to 4 ±m of single-crystal silicon

over the edge of a thin (.< 0.03 4~m) SiO 2 bar structure on a crystalline silicon substrate using the

reduction of silane (Sill4 ) in a hydrogen-gas environment.

The test structure used to study the orientation dependence of the overgrowth phenomena is

a fan-shaped pattern of 19- 1 im-wide spaces etched into SiO 2 or Si 3 N4 and separated by nominally

95-4rm-wide lines. The spaces are directed radially at i' angle increments from a central

1000-1 ±m-wide gap etched into the SiO 2 or Si 3 N4 . This pattern (illustrated in Fig. IV-8) was re-

produced by conventional photolithographic means in films 300 A to 1000 A thick of both thermal

SiOC2 and LPCVD Si 3 N4 grown on a variety of single-crystal silicon substrates. Following an

acid clean, the patterned substrates were loaded on the susceptor of an induction-heated, vertical

reactor, and the susceptor was heated in hydrogen. After a pre-bake to sublime native SiO, on
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fttt t*posed ailir onl, fil Inc.. V der u plei-1 I. tiw. li la-oitior. of ..tlalle at 1000' C using a soure

gas contsistintg of' Si 11 4 in fl'. [flit- gins tll rat,- oif epita'.tal stlhtl III iii t( cxpo5t'1 portiolis of the

sutbstrate was :tpproxinatt-lv1 0." JA '111111r. All di-potSMtOrs dore ll'. usitig the Sallie growth

cond ititons.

Figur es 1\ - anid -10 are optical and SFIC phuotog raphis of tvpit-al cpitaxi al depositioris. ile

thtic kness of the patternied Si( )2 laye r is torniinallv 1000 A ill I ig. 1 V -9 and( 300 A inl Iig. I V- 10,

and the de-positions ate otherwise idetical. [he sniooth areas in) the photographis are Single-

~t-vstai silitoni whIielt grew tip from the 1 'I- xnt-wilt spac-es Ahe ri the silicon s u hst rate was ex -

posed. I'liv rough areas are the growth of por)1Yrsta li te s ilicon onl thle Sit fi Ino. I- or the

1000 A Oxide inl Fig. I % -9. silicori-free regions are obse r% ed near the edge of the Sit)( fi ni . In

Fig. 1 V 10. i slatids of epitaxial si lieon e-arl be seen oil thle Sill, whle re pinl holes pie trittt-d thle

growth of epitaxial pipes showitig f100) svini etryv.

[lie amiount of o~ ergrowtli is define-d as tile finial width oif the, snilth epitaxial linles nlinuls

the (iriginal width (104 4ni divided byv 2. [his assumies hilateral gins tl svmneltr\ oif epitaxial

silicont oil the oxide. F-or the 1000 A oxideL l Ig. I \ "), the siliconi line width is necarly the- sal1cc

both before anid alter epi taxial growth, i ridi eatinrg rio late-ral oiergriiwtl las well as no 'Si re -

lititiori). On)r the 100-A -tliek filin ( Fig. 1\ -t01 ais mn~ll aIs 4 Lmn of' overg rowtli is observed. li tc

re'sults Of sif i La r depositions Onl pattertoed waft i-s for ariHous corobi nations of Si() thickness

and substrate orientations are sum miarized ill la tie I\V -1. .A %afe i sim ila rI patto rtied with

LIPC(VD Si 3 N 4 is also listed.

One i ni portarit resutlt is the observed variation inl the aooiot oif lateral gto\%th with anmor -

photis filn thiekness. Thre thinner the Sill2 or Si 3IN 4 filmi, the greater the extent (if lateral

oveeg rowth. SecondlY, silicon with a 1100) orientation produces miore overgrowth than wafers

with a I 111 orientation, arid thre (110) orienrtation is ititerinediate between the two. Tlhe angular

TABLE IV--]

Amorphous
Layer Type and Lateral Ratio of

Si Substrate Thickness Overgrowth Lateral to
Orientation (A) (PM) Vertical Growth

(100) Sio 2 300 4.0 5.8

(100) SiO2 600 1.15 2.05

(100) 5i0 2 1000 --0.0

(111) Sio 2 300,* 1.9 3.33

(110) Sio2 30c1+* 2.65 4.6

2

(100) Si3N4300 -0.9 1.67

*Same growth conditions as (100) 5i0 2.
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orientation of tire spaces in the fail pattern on thle wafer surface has little effect on thre over-

growth of r-v rsta l Ie i icI(on for, (lItI) and (1t10) silIic-on substrates. F-or (100) substrates thle

grteatest late'ral Ove-g rowtir occrs fot spac-es aligned 45' off the central bar-, wich makes them

pan-rillvl to tht-( 000 di r-tion in the surface plane. Finally, the lateral overgrotwthi on the

Si t I nN4 nil was obsu rved to be- muchi less than that fo-r tile same thickness Sio 2 filml.

thVsk- reultS c-an be e-xplained bY considering the ratio of epitaxial growth rate to nucleation

rate. According to Ilonthe differences in thle heterogeneous nucleation rates of silicon Onl

var-ious substrates ate caused bY differences itt the degree of supersaturation required for rnu-

r teation. [his supersaturation c-an be (ha racterized in termns of tile size of thle critical cluster

of si licont atont s req ui red for- nucleation, or, alternatively, the incubation time requoired to formi

the r-t rtt at cluister onl a given substrate. For- the substrates considered in this work the rela -

tive tirtics aetSio 2) Si 3N 4 tSi-xtal*

Hlie inicubation period can be several sec onds gi ven approprtate deposition conditions (tem -

p.-ia tilre.S il (4 pa rtial pre-ssure etc.)I. Once deposition beginis, n uecleation on) tile uxposeti

si treoni Spaces aidA subsequent vertical growth proceed almost im medliately. If tile grov t i~g

sill,. ort taver tv-ar hies tire e ige of tire amrorphous surface before nucleation has starited oil this

Sot -.t- tat.- at eri taxi-at growth wilt pro -r-ed. Htowe\ e t, shortlY after nucleation I onrnirus

oil thre Sroi)vo Si iN 4'the puivsi hr-ott cr-s allitCS (Ijuirktv c-oalesc-e to rover tire surface. \k (ret.

tire amot -plo-i rs i efat -- is , ompletetI c overtri, laterial overgrowth of tire sinigle -( r-vst at mnate ri at

stops. I it, lat.1al gIrw )%tl is not SuIIpriSlrrr. itr tight of' tire known anrisotropy of epitaxiat sill(roI,

grmti ohse-i. *-. !)% s,.-r at " itH-icrs. 1,1112

Ir-rm tir.- altoc nr ~5 tihe Lteral nver-g rrwth wrould be expe(-tei to ire gra r ot- thlriret-

Si( 1 2 or >i a. nvt., v fur fasteir v--tial pr)rthr i-ts -- alt orthr conditions bemti ideirtir-al.

Illis is lir~vr"rr.!, hriti sitlratioris tire tlaterat overt!rrrolth Ailt bregin ear-tier Ii iti resprert t tire

vni of tire- in(-rrlhatior. pr-i for roo!(; 1,-anion onl tire riitiphorrs suirface. Firis 11%mpothiesis is (II

fi -rce I h% tire isr"its it: (tle I - I. lire it( rtre, if, mraxiIIItillt or gro ti ott it 001-i-tt, I

Stirl rIII is r-\p~atire U tin- far t that tire -pitrixi'it Int-wtl rate? for I0 rO silicon. Is gt.--thanl

that fr-t. 1 r11 silir-orlt Di-Irs. of' tire e'se Of' HU, iatun arid figheIr sti-tare i-nergv it 001 stil-

strati-s. 10Ilii 'rv.-igrowthr observ ed fttr Si i \ is mru, It snmaller tin that ruiscr';el (it- art e qilI -

14 413

shoiwn that tis irirtibatior pi-rioul is a strong fuictirri .rf tetilperat r-e Slair.- pattal pr-issre.

ant ti(I roiite-tt . \po)imnrtsar (i i1-i-t-Itil in) j~'g'S tr dttr-ItrtIr tire rift ti -t 'ratiotns

of these par-atnteters oli ltre latural oin- errrrti.

1)I). Ilrrtirnair A. A. Hiurris r(;rirtp
1). .1. Siver-sitritir ( I ioz let-
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V. ANALOG DEVICE TECHNOLOGY

A. ANALOG MNOS MEMORY: MODEL AND EXPERIMENTS

In a previous report, the concept of analog metal-nitride-oxide-semiconductor (MNOS)

memory was presented and experiments demonstrating such storage in metal-gate, n-silicon-

substrate MNOS capacitors were described. In the present contribution, results of a theoretical

model of the MNOS analog writing process are given, and the behavior of p-silicon-substrate de-

vices is described. The model places the concept of analog memory on a firm analytical base.

The recent p-silicon results indicate that integration of the analog MNOS memory cell with a

charge-coupled device (CCD) is feasible, as the MNOS and CCD processes are compatible. Such

an integrated MNOS/CCD structure has been designed and is being fabricated.

Numerical results have been obtained from a model of the MNOS charge transfer process.

The model includes tunneling of both majority and minority carriers. Not only are the barrier

heights different for the two species, but consideration must be given to the finite number of

minority carriers. The distribution of electric field is also quite different in the two cases.
2

Barrier heights are taken to be those given by Lundstrom and Svensson. Majority carrier

tunneling is assumed to follow the approximate modified Fowler-Nordheim expression given in

the same publication. Field strengths in the oxide and nitride change as charge becomes trapped

in nitride, and this is handled self-consistently. Although it is known that the trapped charge

resides some tens of angstroms in the nitride, this charge is assumed to reside at the oxide/

nitride interface. This approximation is necessary unless one is willing to undertake the numer-

ical solution of a system of partial, rather than ordinary, differential equations.

The expression for the minority carrier tunneling current density is obtained from consid-

erations of the wavefunctions of the carriers in the inversion layer. An approximate expression

which does not include the details of the energy states in the inversion layer is

(kT 1Jq kj F nm Pox Poxnin

q 3 m
2

n P P
e 42~kTm ox n

s

where din is the inversion layer thickness, es the silicon dielectric constant, and nm the surface

density of minority carriers. Pox and Pn are the oxide and nitride transmission probabilities

given by Lundstrom and Svensson.2 As with the majority carriers, the tunneled minority car-

riers are assumed to reside at the oxide/nitride interface. The electric field strength is calcu-
lated taking the depletion layer space charge, inversion charge, and stored charge into account.

Provision is made for the back-tunneling of trapped carriers. Different trapping energies

are used in the model, but default values of 1.55 eV for electrons and 0.75 eV for holes are

assumed, as given by Lundkvist et al. The assumption that all carriers are trapped at the

oxide/nitride interface may introduce significant error in the back-tunneling current, tending to

overestimate it.

During the writing periods, back-tunneled carriers may recombine with minority carriers

at the Si/SiO 2 interface or in the inversion layer, or they may penetrate the inversion layer and
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be swept into the bulk. This process is important, since back-tunneled ,arrior, %i, I .nr

the bulk produce charge transfer without reducing the input minority Iharg,; lihis , (IIhI( ,Lt,, r-.,

affect linearity. 'File fraction of back-tunneled carriers which reonhint %kit i no cti , arri,t

is arbitrarily set to be some constant ck, where 0.< n < 1. Rtec-ent investigations 1).% hroder

and White 5 indicate that 0. 55 < (. 0.50 for holes; for back-tunneled lttrmi-, ,lt-. u!n; at

inconclusive but could indicate (1 1.

u0 65
10 7

I-50

, V!52,it-C WRITE 8o.06,o

TIME AFTER BEGINNiNG OF RESET

OR WRITE (seconds)

Fig. V-i. Theoretical predictions of the resetting and analolg writing of an IN()S

capacitor fabricated on p-silicon with 30 A of Sit) 2 and 500 A of Si 3N 4 . hleset and
write voltages are -35 V and +35 V, respectively. No bwk-ltiincling is assumed
in this example. The input and stored c-har ge are no in liztid so that one unit would
produce a flatband shift of -5 V if stored at tl, SiO(/Si 3 N4 intei''. The cui'ves
are superposed on the same time scale hut actually occur in the succession: restt;
write with Qin - 4.0; reset; write with Qin - 4. 1,; reset; vt. ('lea ry, SonIc wr'itilL

occurs during the first 10- sec of the write iycles.

Typical reset/charging characteristics for a p-substrate device are displayed in Via. V- I.

The reset/charging alternation follows the sequence: reset at -15 V for 1 sec, inject signal

=in 4.0 and charge at f-5 V for 1 see, reset at -15 V, inject Qin 4.5 and charge at 4 5 V, etc.

The trapped charge Qs is shown as a function of time for each part of the sequence. The charges

Q and Qi have been normalized such that the flatband voltage VI.t (an be obtained by multi-

plying Qs by -5 V. Note that all reset curves converge to a common value, Q. 2.7. .More

noteworthy is the fact that, for almost any time greater ttan I msec, the chargina curves are

spaced linearly. Thus, although the charging rate is highly nonlinear in time, the flatband volt-

age at any given time is a linear function of input charge. (It is evident that some charging

occurs at times < 10 jisec, the minimum displayed.)

The data of Fig. V-2 are taken from numerical calculations such as those of Fig. V-I. These

curves show the flatband voltage reached after 1 sec of reset and charging time as a function of

input charge for MNOS capacitors on p-silicon with 500 A of silicon nitride and ±35 V applied.

Results are plotted for devices with 30 A of silicon dioxide and different assumptions about back-

tunneling and Si/SiO 2 interfacial recombination.
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I W - 'I hitret11 11 i tqiit-Oitp)Ut -

ofi I i N - I, with Iftereit assun Ip
t iino h1 lak-tuicI in--ti andl Si '.Sit)

A ritarvkahit' ohserv ation is that all of tlIse0 inpu)Lt-output u'Lri S have a teiderable. linear

d\ nartic r'anfe. T[his i., qjuite simply, a r'esuilt of' the si'lf-ilimiteit nature of' miinority chai it

tmmio'ljnp. '[li c-ase with no interfacial recombination ((, 0) would he. expected to lhow% the

pr1eate,;t nonlinearity, as, the %kritinlf procesis in this case is not necessarily sefik td ox'.-

evl' t iforvai'd electron tunneling occurs on a somewhat shorter imie scale than thec hole

hack- tunne-linL,. so that some lijnearitv is retained.

Ini all cas4es a certain "tat zero" level of input charge is nees-sarv to initiate, chargeC transfe r;

thtis is s4o hecause the4 oxide field E ONis nearly% proportional to the input charue and Hte tunnelingL

j vs, E relation is higly nonilinear. flack- tunnelinag reduces- thte fat- zero lee;an amount of

input charpe, insujfficient to cause it. own forward tunniling mav protltce anl oxide Field s;uffic-ient

tittlue hack-tunelingj.

Nitride ( onluttion turrenit is toincthled in thte motlel. Such current is ltig2l nonlinear in

field s;tretiplth and w ould tend to caus e saturation at both extremes Of s4torl Chariie. :\ls-o not1

inclutlet are tixed b argesc. in the oxide anti slow surface states. Thes;e wouldt have the effet iof'

derea.-iup or inc reas ing, the fat- zero level of inputrar.

All of tue t tirves in lip.V\-2 satuorate at flatband vol tap!es sonew tat tMLiher than Observed

experim ental lv. Ithi .- is like].Y the result of nit ride conduction tcurrent wthich is not i ncluoied inl

the it1olel. A\lso, chlaf ge ca irieis, esteially holes, Fer kitowit to he trapped sott. tetis of ui -

st tomts inl the nlitrideu, with tilt, rcit it of cha cve mtoving~ tdeeper' is the storid i tu tc i- is

lt ieu1-v s ed . 3,6 T h e n tuii' le p ly tra p peil th a r tie h as le ss ff i't in til e- fla t han d v o lta c , so th at

sotrne totilinen cityv in the V [-- vI "'Q relationt %Nil[t result friltt the Im e csli tt ti'roit depth.

iFxperitnlents ott p-stthstrate l\IN( S u(icitors have lbeeti performiedl in anticipationi Of jute-

g~rating, the \INOS devices with an n-channel ((I). ThLe linearitly of the analou w;riling process

in an NIlNO.5 capacitior fahricated on W0 to 50 SI-i'm p- sil iron is evident in Vi. - 1* lthes tde-

vices htave a thermal ox ide approximatelY 2t -A t hiiik, a silicton nitride lave r ,OP-A I thick depos-

tell at 788l C, and a sentitransparent cirom iutm pate with a golt tontact. Tie devi ce is qtite

l inear oiver the( rangev -10 < V 1.1 0 V anti has a fat -zero input leviel of rouphlvN one -third of the

satuiration input value. Note tile relative insensitivitY of the output to the wiite voltage.

Retention curves for this device are plotted in F'ir. V-4. rThe ret ention is g ood. abot

200 m\ /detade or 's5over thte 10- V wN.indow. K(t her wvaferl's with s imi lar procesqina have had
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rig.V-i. Experimental input-output relationship for an NINOS, capacitor fabricated
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tliatlhand % ol tage , ( iun-h l- ss ne L!at i ve t h an the( re s et va Ilue do ch1)ange s-l ope and r -t urn t owa rd

Zero-, hut ths- mlaY [lt occ ur until wone than 10 5Sec for initial flatliatn voltav(es Ai leas t # V

ht-ss nl-cativ-o thanl reset. 'Ibhis behavior i.- asiriled to the. fat that tie Iiohe ar.. >tot-ii bfter

in the nitr tb- than -h. t tons. and th. bii ack-t nnnel inoe s ba 1% duriiw tie( writ og and dt-ca%

perittds.

MVN(1 iaaii~ with ltitlsi licon gates haiv been fabricated tin t)-d ton and ocxiihit i-

.sis tentlv% sat i.sfacti itv qitalitii-s XA %afir cleanittg, and( oxidation lttoi-ilduri- !ascii( on a final ilute

Hll dip, spin (it-,, ani( iriinnediate, otxidationt iti dry 0, produces ( otlsi.~tent oxitit- fi tics of 2'

2 :\. D0%vi-es wi'hi 'nlativ,-', titles, %kith ott' without a water rinse itefore, nittili- Icrip.sitiotn,

deitionstrate i-ton.sii,-rltv p)mioir,-otf-ntioii and have a mninor\ wkindow tmore neLtative, than those

of ttterntallv oxidized devices. 'Ilis4 is indicative of more rapid electron hack-tunnelinet.

A niask set for a i2- samiple metal - and po>-- gate '\t N\( )S 'CUD has been Lene rat ed. and fab-

rication of the devices has heguit1. The critical steps of til( required n-channel proces.-s have

bteen -;ati sfactoriil., tested byv fahri cat it, \lN( S t ransi stors,.

In sunnnarY, a theoretical model has teen de-veloped whichl explains eatrlier expterimnftal

results on Nd NOS devices, analog niemiory opetratiotn has been characterized in %\h ()S Capacitors

fabric ated byv an n- channel (CI)- corn patiblIe process, and a mask set has been produced for anl

integrated 'MNOS/-CCI) analog mientory. 1t. %. Withers
1). ,JSilve-rsmith
It. Wk. Mountain

B. L~iNb0 3 SURFACE-ACOUSTIC-WNAVE EDGE-BONDED TRANSDUCERS
ON ST QUARTZ AND <001>-CUIT GaAs

Ini order- to generate surface acoustic waves (SAW) w ithi wide bandwidth and( low% insertion

loss on arbitrary substrates, many, transduction methods hiave been tried. Edgje-bonded tran--

ducers (EBT) -1 have been shown to be the best mnethod of satisfYing tihe abtove Criteria. We
report here experinmental results using I iNhbO for, the transducer and ST quartz or- GaAs for,

the substrate. In a dition, an anal~vtical model has brimn developed which g~ives -ood agreement

with experimental results;.

Figure V-5 show~s tine itasic ptrim ipl of opleratio ottf ani i-tlp-hondodi tt-ans4dtcer. A hik

shear- wave transducer, with potlarizat ion normal to the ftop s urface, is4 ionilid to a sIlbstrate

on witich su rface waves are to ltripala te. Since thle surface-% wave patiicile mot ion is a li near

combination of shear di-iplacetoent nuttital to thie stitfat-e andti sompress ional dtis ilaconi enf in

the plane of the surf., i-i, siwatr wavsenet-ated in the transducer ate efficietlv "ixrtvet-i to

surface waves4 in the -uitrate. t tnYIv te she~ar-wave ettcgv winicit is within about one ,'AW%

wavelength of the surface ican he c onverted to surface waves. Tins, IeV top surface oif tite

transducer and the SAW sttb Strate nmust ite coplanar and] the back e iectroie which is about one

SAW wavelength in lieighit ni ti.St be lot-at ci at the( top surface. Tiet iticknes s, of tie shear-wave

transducer deermines 0- e center frei tnc of operation andl is approximiately X s 2 where X
is the shear wavelength at renter freq(uency.

We have dleveloped a s imple model whiict exlihfits excellent agreemn-t withi our data. This

model deconmposes the probilem] into two parts. First, thIe ge-neral jot of hulk shear waves in the

I NbO ,transduc-er material is considered. rhi tite shtear wave thus aeneratcd is converted in
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the substrate material to a SAW, with conversion efficiency calculated by considerinLt the shear

energ distribution as the excitation function of an acoustic waveguide. Our model treats the

ILiNbO( transducer as a conventional bulk shear-wave transducer using the standard Mlason 1

model to calculate the electrical input impedance of the EBT using the material properties of

the transducer, the bond, and the substrate. The inpu[ impedance is then used to calculate the

acoustic shear-wave energy generated in the transducer (assuming no acoustic loss in the l iNb(),

and transmitted into the substrate. This is a straightforward application of the Mason model.

The vertically polarized shear wave, which is closely confined to the surface, is then converted

to a SAW whose amplitude is computed by means of an overlap integral as follows. It one as-

sumes that the acoustic modes of the substrate are complete and orthogonal, then the amplitude

of the surface wave is given by

j (x) * t"'1I(x) dx

(x) dx

where II(x) is the surface-wave particle displacement, I s(x) is the shear-wave particle dis-

placement, and x is the coordinate perpendicular to the free surface. The conversion loss (in

dB) of the shear-wave to surface-wave transition is given by

40 log " ARx]a dxf [1; sWX] 2 dx

To a sufficient approximation and for ease of computation we choose

V (x) = exp (-x/AR

where X is the SAW wavelength in the substrate and

Us(x )  1 x. h

=0 x -. h

with h the height of the EBT electrode. When the bulk to surface-wave conversion loss is added

to the electrical reflection loss computed from the Mason model, one arrives at the total EBT

conversion loss.
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'lhie traitSdl ci material we have Used is N-cut 1 iNb() The tran-iii t are bonded to
the *uhstrate with flti, direction of shcar polarization perpendicular to fte- ,nl 00whch thie

SAW p~ropagates.

The first step in 1hle fahieation is the bonding of the transducer to fte SA~l ,uhtlt lliat-

rial. (old-welded indiuim bouds were used because they are known to performn well it)iik

acoustic-wave dev ices. 14 Fhe substrate for the quartz device is a I . ki-thi pi Ccc ()f

quartz. F-ollow ing In boudinug the quartz substrates are cut into slices approN iiiia clx 0.1 ( II

thick. The surface on whichI the SAW propagates is lapped and polished liv standardl t( ho iqu.

Thenr tile iNb(); is lapped to the desired thickness of X / 2. F-or the GaAs devio c., tlic s iii i rate-

is a 181-ini- thtick GaAs (<001 -cut) wafer, which has been bonded to a 1. i-cil-l-tick piece t of (GaA.,.

Following In hbonding tile substrate is not cut, since the wafer prov'ides the surfa -c on wil Owh

SAW is to propagate. Tile top surface of the I.iNhO 3is l appied hflush to the GaAs sortac e. Ti cr

tile I INhiO Iis lapped to the desired thickness and polished.

After lappini~t and poli slung of tile I -iNb~l * the black electrode for- tie I 13 is applied usi-

contact printing pioloiitliourapliic techniques, -) followed liy metal lization an(] lil'toff. Ii re

bonds arc( thlin made to tie back e-lectrode and to fte In ground ele cirode.

-- LNEO,-STQARTZ

Fig. V-. Untuned frequency response
for Li.\bO3/ST-qIuartz EBT: transducerz
thickness t3 tim, electrode height ' ]7Th~-i

electrode width 3.48 mm.
>

*EXPERiMENT -

FREQUENCY (M,-z)

Figure V-t shows the untuned frequency response for a typical I.iNbO 3 ET3T on ST quartz.

Tile parameters for this device are given in the figure caption. At 120 1111hz the measured in-

sertion loss is 4 dBi ± 0.51 hR. The calculated curve (solid line) in Fig. V-f) is computed from

the previously discussed model. The fractional bandwidth of 5111 is typical for the liNbf) 3ST-

quartz structures. The center frequency of 1251I lliz is the highest we have fabricated to date,

and we estimate that center frequencies as blgb as 200 Ml1hz miayN be obtained using the same

fabrication methods. To reach even higher frequencies, modifications of the process 1w which

the I -iNbO 3 is lapped and polished may be needed.

EP.Ts on GaAs have been fabricated by' bonding tite I iNb() \-cut shear-wave transducer

plate on tie <1 10' face of GaAs resulting in a piezoelectric Rayleigh wvave propagating in the

(110) direction on thte <001- sutface. The relative electric-power to acoustic-power conversion

loiss i show.n in I -ig. V-7. Helre it is seen that the( i-dTI fractional bandwidth is 91' , which we

have( found is typi( -al of the I .i Nut /GaAs structures. Al so plotted in t lie same figure (solid I met
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0

F"ig V7. Untuned frequency response for
1,i %bO /GaAs EBT: transducer thickness

~ 6.* 120 imr, electrode height 56 pm, electrode

0

1 10

-15 -12 -9 -6 -5 0 3 6 9 12 vs

DOPPLER REQUENCY OFFSET ifl

Fig.V-8. Output of coherent integrator as a function of D~oppler
offset frequency. The input waveform consisted of 16 3- isec-long
gated-CW subpulses.
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is the relative conversion loss predicted by the previously discussed model. The absolute con-

version loss at center band is estimated to be 1i + 3 dB. This particular EBT has an 85-Mhlz

center frequency.

Within the uncertainties of the experimental quantities the agreement between theory and

measurement is very good. For the LiNbO 3 /quartz device the measured conversion loss, as

mentioned above, is 4 dB and this agrees well with the predicted conversion loss. The calculated

center frequency for the device differs from the measurements by roughly 10 percent, which is

within the uncertainties of the parameters used in the calculation.

In summary, we have fabricated LiNbO 3 surface-acoustic-wave edge-bonded transducers on

ST quartz and GaAs substrates which demonstrated large fractional bandwidths and low conversion

losses. A theory has been developed which accurately predicts transducer performance.

1). E. Oates
R.A. Becker
A. C. Anderson
R. L. Slattery
W. C. Kernan

C. AN ACOUSTOELECTRIC BURST-WAVEFORM PROCESSOR

A technique for processing Doppler-shifted burst waveforms with a programmable acousto-
16 i7

electric coherent integrator ' has been demonstrated. Such burst waveforms are common to

many radar systems, and this demonstration indicates the feasibility of providing the important

Doppler processing function in a bank of compact, low-power, coherent integrator devices.

The basic structure of the coherent integrator is illustrated in Fig. V-8. The device con-

sists of a piezoelectric lithium niobate delay line with surface-acoustic-wave (SAW) transducers

centered at frequencies of 100 and 200 .Mlz located at each end. The 5.5-finger-pair interdigital

transducers have an aperture of 1.7 mm and a fractional bandwidth of about 20%. The evanescent

electric fields associated with propagating SAWs are coupled through a uniform air-gap sparing

of 350 nm to a high-density array (3.8-4im periodicity) of PtSi-Schottky diodes on an n-Avpe

(30 QI cm) silicon strip. The sequence of operation of the coherent integrator is as follows:

I) An acoustic precharge pulse centered at 200 MHz and about 100-4sec long

is applied to reverse bias the array in order to provide a linear region of

operation.

(2) A Doppler-shifted burst waveform consisting of N identical subpulses

centered at 100 Mhlz (-3-gsec long) with about 100- 1,sec subpulse repe-

tition interval is entered into the signal port of the device. Short

(~0.1 jsec) write pulses centered at 100 MlIlz and appropriately timed

for the expected arrival of each subpulse are entered into the opposite

end of the acoustic delay line. The evanescent electric field of each

subpulse alone is insufficient to overcome the reverse bias of the diode

array, bul in comnbination with the write pulse each localized region of

the Schottkv-diode array" is briefly forward biased when the write and

signal waves overlap. Inder suitable operaling conditions this stores

a linear sample of each suhpulse as a spatial pattern of electrons in

the diode array. Since the signal and write pulses are counterpropa-

gating, the spalial scale of the stored charge pattern is compressed by

a factor of 2. When the phase and relative timing of each write pulse
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structure showing an acoustic delay line (LiNb0 3 ) separated
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Fig.V-1O. A programmable burst waveform processor with an array
of coherent integrators.



is matched to the Doppler shift of the burst waveform, each of the

separate subpulse charge patterns will add coherently; when burst re-

turn and write parameters are not matched, the resultant charge pat-

tern will be smeared.

(3) After this overlay process is accomplished, the stored charge pattern

is read out by correlation with a replica of the subpulse waveform at

half the time scale, that is, at 200 MHz. This results in an output

corresponding to the autocorrelation of the input waveform provided

the overlay charging process is linear and the write pulse has been

programmed for the proper Doppler shift. The relative timing of the

output provides range information. The range window is limited to

17 4isec by the physical length of the silicon while the coherence time

is limited to 20 msec by the storage time of the diodes.

(4) After readout is completed, a brief (-1 [isec) burst of illumination

from light-emitting diodes is applied to erase the charge pattern

before processing the next waveform.

To demonstrate device operation, Doppler-shifted input waveforms consisting of 2 to 32

3-,gsec-long gated-CW subpulses having about 100-isec intervals were employed. The output

level of the coherent integrator was plotted as a function of the Doppler offset frequency of the

imitated target return. The device output level for one experiment, the coherent overlay of a

waveform having 16 subpulses, is shown in Fig. V-9. Note that the primary Doppler spikes are

separated by an amount (-10 kHz) inversely proportional to the subpulse repetition interval, the

number of sidelobes between the primary spikes equals the expected 14 (N-2), and the near-in

sidelobe level for large N approaches the theoretically expected value of -13 dB. Similar

results were obtained in the other experiments as N was varied. Experiments are currently

being conducted using phase-encoded subpulses to demonstrate the full 20-MHz bandwidth capa-

bility of the device.

An array of coherent integrators could provide both Doppler and range information in a

number of parallel channels, with the Doppler velocity, Doppler resolution, and range swath

under programmable control. Each device, as shown in Fig. V-10, would be programmed for a

different target velocity. The Doppler hypothesis is controlled by the local oscillator frequency

and the timing of the write pulses applied to each integrator. The range information would appear

as a time offset of the correlation peak appearing in that Doppler channel matched to the target

velocity. This range resolution could be enhanced by the readout correlation process and thus

is limited only by the bandwidth of the subpulse.

S. A. Reible
I. Yao
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